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TOLUENE METHYLATION TO PARA-XYLENE
Abstract
This design project explores the economic viability of a novel technology for the production of para-xylene
via the methylation of toluene. Current production processes yield an unsatisfactory equilibrium mixture
of xylene isomers only 23% pure in para-xylene. This low yield of para-xylene necessitates the use of
prohibitively expensive separation processes such as the absorptive separation process, Parex, licensed
at a whopping $57 million – not including utilities. A new process patented by Breen et al. makes use of
an oxide-modified ZSM-5 catalyst and short catalyst contact times to achieve a 99.9% para-xylene
selectivity. This design allows for the production of 99.9% pure para-xylene by use of conventional
decantation and distillation.
This project investigates the economic and environmental feasibility of converting 400 million lb/yr of
toluene to para-xylene. The methylation reactor is designed according to patent specifications to
reproduce operating conditions that yield a 99.9% para-xylene selectivity and a 100% single-pass
methanol conversion. Conserving resources is prioritized through extensive recycling of reactants and
through introduction of an intricate heat exchanger network that capitalizes upon the high exothermic
nature of the reaction. The Total Capital Investment for the process is $63,170,900 with a projected Net
Present Value in 15 years of $60,468,500 and an Investor’s Rate of Return of 28.80%. In light of the
economic profitability of the process and the projected increase in demand for para-xylene, it is
recommended that the design be considered for further implementation.
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Dear Professor Fabiano and Mr. Vrana,

This report describes the design of a full-scale plant that produces para-xylene from methylation
of toluene using new reaction technologies outlined in U.S. Patent 7,321,072 B2.

In this highly

exothermic reaction, toluene converts to xylene when mixed with methanol under high temperatures. The
new technology introduced in this patent allows both for 100% converstion of methanol and 99.9%
selectivity of para-xylene isomer formation. This technology is a significant improvement over current
methods of para-xylene formation that involve far lower selectivity towards para-xylene formation and
demand complex, downstream separation technologies such as crystallization and membrane separation.
It is less capital intensive, more environmentally sound, more energy efficient, and results in less
equipment maintenance.
This design converts 400MM pounds per year of toluene purchased at $2.50 per gallon from an
adjacent production facility. Likewise, methanol is available on-site for $1.00 per gallon. This plant
currently produces 447,132,011 pounds of product 99.9% pure in para-xylene. This can currently be sold
at $0.60 per pound. The plant requires a total capital investment of $63,170,900 and has a net present

value of $60,468,500. This design provides an investor’s rate of return of 28.8%. Our design
team strongly recommends that this design be considered for implementation following further
investigation into the scale-up of the reactor technology.
Sincerely,

Thomas Dursch

Ramy Khalil

Annika Khine

Francisca Mutahi
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Abstract
This design project explores the economic viability of a novel technology for the
production of para-xylene via the methylation of toluene. Current production processes yield an
unsatisfactory equilibrium mixture of xylene isomers only 23% pure in para-xylene. This low
yield of para-xylene necessitates the use of prohibitively expensive separation processes such as
the absorptive separation process, Parex, licensed at a whopping $57 million – not including
utilities. A new process patented by Breen et al. makes use of an oxide-modified ZSM-5 catalyst
and short catalyst contact times to achieve a 99.9% para-xylene selectivity. This design allows
for the production of 99.9% pure para-xylene by use of conventional decantation and distillation.
This project investigates the economic and environmental feasibility of converting 400
million lb/yr of toluene to para-xylene. The methylation reactor is designed according to patent
specifications to reproduce operating conditions that yield a 99.9% para-xylene selectivity and a
100% single-pass methanol conversion. Conserving resources is prioritized through extensive
recycling of reactants and through introduction of an intricate heat exchanger network that
capitalizes upon the high exothermic nature of the reaction. The Total Capital Investment for the
process is $63,170,900 with a projected Net Present Value in 15 years of $60,468,500 and an
Investor’s Rate of Return of 28.80%. In light of the economic profitability of the process and the
projected increase in demand for para-xylene, it is recommended that the design be considered
for further implementation.
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Introduction
Para-xylene Overview and Market Analysis:

Para-xylene is a flammable, colorless aromatic hydrocarbon that exists as a liquid at
ambient pressure and temperature. As seen in Figure 1, xylenes are the ortho-, meta-, and paraisomers of dimethyl benzene, where the ortho-, meta-, and para- prefixes refer to which carbon
atoms on the benzene ring the two methyl groups are attached.
Today’s market for para-xylene is
predominately

directed

towards

Toluene

Para-xylene

Meta-xylene

Ortho-xylene

the

production of a variety of fibers, films, and
resins. Para-xylene is a key intermediate in
the synthesis of purified tetraphthalic acid

Figure 1. Molecular structures of toluene and xylene isomers. Paraxylene, the major process product, is required at 99.9% purity.

(PTA) and dimethyl terephthalate (DMT),
both of which are used in the production of industrial plastics and polyesters. Specifically, PTA
is used in the production of polyethylene terephthalate (PET) bottle resins. Relatively smaller
amounts of para-xylene are used as a solvent.
Since 1999, the global demand for para-xylene has been steadily increasing, and this
growth is expected to continue over the next five to ten years (Figure 2, page 3). According to a
2007 market report performed by Yarns and Fibers Exchange, a textile market intelligence
service, the global capacity of para-xylene was approximately 26 billion tons per year.1 Of the
total para-xylene produced, the para-xylene market demand was: 89% PTA, 10% DMT, and 1%
others.

Tecnon Orbichem, a chemical industry market consultant, expects the world

consumption of para-xylene to grow at an average rate of 7% per year over the next five years
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due to an increase in the use of PET in plastic bottles.2 Growth in Asia is expected to be even
higher, growing at a rate of 8.5% per year. The utilization rate of para-xylene over these five
years is expected to remain constant at approximately 90% of the global capacity; however, due
to a 6% increase per year in the global capacity of PET bottle production, the current production
capability of para-xylene is far from adequate.

Figure 2 World para-xylene supply and demand balance, 1999-2010. Para-xylene demand is projected to increase at a rate of 7% per year while
its utilization remains constant at approximately 90%.
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Industrial Value of Para-xylene During PET Formation

Para-xylene is a key intermediate in the formation
of PET, a polymer resin used in synthetic plastics. PET,
whose monomer is shown in Figure 3, is valued
industrially as a flexible plastic. While a discussion of
polymer properties is a topic beyond the scope of this

Figure 3 The chemical structure of polyethylene
terephthalate. Its ethylene terephthalate monomer
is both long and minimally-branched, contributing
to a high-volume repeating unit that will
polymerize to form a highly flexible plastic (PET).

report, it should be noted that the structural characteristics of plastics are directly attributed to
monomer regiochemistry.

The flexible nature of most plastic polymers requires a long,

minimally-branched, high-volume monomer composition.3 In the case of aromatic monomers,
para- substitution almost always results in a compound that occupies the most space because the
two functional groups are located as far away on the benzene ring as possible. For the PET
monomer, the para- formed ethyl terephthalate regiochemistry
makes for both a long and high volume monomer, and hence a
highly flexible polymer.

PET is formed from therephthalic acid, which is formed
from the oxidation of para-xylene (Figure 4). Para-xylene is
preferentially selected over the meta- and othro- isomers

Figure 4 Terephthalic acid synthesis from
para-xylene. Because terephthalic acid is
used to form PET, para-xylene, the highest
volume xylene isomer, is chosen as a
favorable PET precursor when considering
desired polymer flexibility characteristics .

because the para- configuration will propagate forward to yield a high-volume PET monomer.
The para- isomer of xylene is therefore an integral intermediate in PET formation.
Existing Methods for Production:

Para-xylene is primarily produced on the Gulf Coast by BP Global, Chevron Phillips,
ExxonMobil, and Lyondell-Citgo Refining.4 The conventional para-xylene process converts
4

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

toluene to para-xylene (and its isomers) in the presence of methanol over a heated catalyst bed of
ZSM-5 zeolite. The process follows the following highly exothermic reaction:
C7H8 + CH3OH  C8H10 + H2O

(1)

where an equilibrium mixture of 23% para-, 51% meta-, and 26% ortho- xylene is produced. An
oxide-modified ZSM-5 catalyst is commonly used to improve the selectivity towards paraxylene. Further methods for improving the selectivity of para-xylene include operating at higher
temperatures (1022 – 1112°F) which promotes catalyst coking. As the catalyst becomes coked,
active sites on the catalyst are blocked leaving a smaller amount of sites for para-xylene to
become isomerized. Although the selectivity to para-xylene is improved, a decrease in the
available active sites on the catalyst causes a decrease in the overall conversion of toluene. This
indicates a clear trade-off between para-xylene selectivity and toluene conversion.
Operation at a high space velocity, or
with low catalyst contact times, has also
proven to increase the selectivity of paraxylene. From Figure 5, it is clear that as the
contact time decreases, the mixture of xylene
isomers

produced

deviates

from

the

equilibrium mixture in such a way that
nearly pure para-xylene can be produced.
Despite the improved selectivity, a decrease
Figure 5 Xylene isomerization as a function of catalyst contact time. As
contact time is carefully decreased, product with high purity in the paraxylene isomer is obtained (source: U.S. Patent 7,321,072 B2).

in catalyst contact time limits the conversion
of toluene as less time is available for the
5
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reaction to approach completion.
The equilibrium mixture of xylene isomers produced requires expensive xylene isomer
separation sections. Some key thermophysical properties of toluene, para-, meta-, and orthoxylene are listed in Table 1. Methods of separation aside from distillation need to be considered
due to the extremely close boiling points among the xylene isomers.

Crystallization and

membrane separation are commonly
used because the melting points and
the diffusion coefficients of the
xylene isomers are vastly different
(Table 1). Over the past five years, a
simulated-moving-bed
separation

process,

adsorptive
Parex,

has

Table 1 Key thermophysical properties of toluene and para-, meta-, and orthoxylene isomers. Characteristic melting points and diffusion coefficients of the
xylene isomers are substantially different such that crystallization and membrane
separation are feasible means of separation.

become more frequently used to avoid the cost of crystallization and provide a better purity than
membrane separation.
A New Method for Production:

A revolutionary method for the continuous production of para-xylene from toluene
developed by Breen et al. uses a low-contact time process (tenths of a second) with favorable
conditions that limit the formation of coke (Appendix A, US Patent No. 7,321,072 B2). Under
these operating conditions, the conversion of methanol is 100% with a corresponding paraxylene selectivity of 99%. Unlike existing para-xylene production processes, a particularly high
para-xylene selectivity and high toluene conversion are simultaneously achieved. An economic
advantage of this new production method includes a lower average reactor operating temperature
6
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(824°F), providing significant utility savings.

An additional commercial and economic

advantagee of this new production method is that the high-cost
cost xylene isomer separation is
circumvented. Specifically, the need for the Parex process is eliminated altogether;
altogether already, $57
MM in capital cost is saved without even considering the cost of the adsorbent and utilities.
utilities
Effect of Catalyst Contact Time on Para-xylene Selectivity:

Electrophilic
ilic aromatic substitution is a reaction in which an aromatic hydrogen is
replaced by an electrophile. In the case of toluene methylation, the electrophilic substitution
occurs on an already substituted benzene ring
ring.. Due to the symmetry of the aromatic molecule,
only three dimethylbenzene (or xylene) isomers are obtained: meta-xylene,
xylene, in which substituted

methyl group adds to carbon 3 or 5; ortho-xylene, in which
hich substituted methyl group adds to
carbon 2 or 6; para-xylene
xylene in which substituted methyl group adds to carbon 4 only (Figure 6).
It should be noted that certain functional groups tend to favor
one or two of these positions above the others; i.e., they direct the
electrophile to specific positions. For example, a functional group
that tends to direct attacking electrophiles to the meta position is said
to be meta-directing. It is known that a methyl functional group
serves as a weak ortho/para- director, so substitution will be favored
Figure 6 Ortho, meta, and para
positions on a numbered benzene
ring. In the case of this process, R
represents a methyl functional group
to form toluene.

at these positions. The para- position is further favored because of
steric effects – steric hindrance is minimized by having the two
methyl groups as far away on the benzene ring as possible. Hence,

the most energetically
ergetically favorable xylene isomer is para-xylene.
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Despite this, toluene methylation to xylene under high catalyst contact times produces an
equilibrium xylene mixture of only 23% para-xylene. This reflects the fact that the methyl
functional group on toluene only weakly activates the aromatic ring towards para- substitution.
To increase selectivity towards the para-xylene isomer, the catalyst contact time is strategically
decreased. In the absence of a catalyst, no xylene is formed; however, in the limit of extremely
low contact time, toluene methylation will only occur to form the most energetically and
sterically favorable isomer. From U.S. Patent No. 7,321,072 B2, a 0.36 s contact time results in
99.9% pure para-xylene, the most energetically and sterically favorable xylene isomer.
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Process Flow Diagrams and Material Balances
Process Overview:

For this process, a reactant feed consisting of toluene, methanol, nitrogen, and water is
passed over a heated bed of boron-oxide modified ZSM-5 zeolite. The reactor is operated at an
average temperature of 815°F with an exceptionally low catalyst contact time to suppress paraxylene isomerization reactions. Para-xylene isomerization is limited (selectivity is increased) as
a result of the low catalyst contact time because a shorter residence time decreases the
probability of para-xylene molecules contacting external catalyst active sites.
Short contact times are attained by using high reactant feed rates, small catalyst bed sizes,
and/or by adding a diluent(s) to the reactant streams.5 Nitrogen and water are added as diluents
to control the catalyst contact time. While the Breen et al. patent suggests that either H2 or N2
can be used as a diluent, N2 was chosen on the grounds that it is less of an explosion risk at such
high temperatures. Aside from controlling the contact time, the added nitrogen and water also
act as a heat sink in the reactor, absorbing some of the heat generated by the reaction. Although
the nitrogen serves as the primary diluent for controlling the contact time, the added water serves
a dual purpose: to suppress side reactions leading to the dehydration of methanol and to enable
the reactor operation at conditions which limit coke formation.
The heat generated by this highly exothermic reaction is used to pre-heat the incoming
toluene and methanol streams as well as the nitrogen and water/toluene recycle streams. As
such, the reactor effluent is cooled in a network of heat exchangers to a temperature of
approximately 104°F.

The reactor effluent forms three nearly-immiscible phases at this

temperature: a gas phase (nitrogen), an aqueous phase (water), and an organic phase (toluene and
9
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xylenes). The reactor effluent is sent to a decanter to allow for a nearly complete phase
separation. The nitrogen and aqueous phase from the decanter are partially pre-heated by the
reactor effluent before being recycled back to the reactor. However, some of this recycle stream
is purged at a ratio of 1:50 (recycle to purge) to account for any unexpected compounds that are
formed throughout the process. A make-up nitrogen stream is heated and fed to the reactor to
account for any nitrogen lost due to purges and the nitrogen solubility in the organic phase.
Additionally, water is purged because it is a product in the reaction – the water to methanol ratio
in the reaction is required to remain constant.
The organic phase from the decanter is sent to a distillation column for further separation.
The distillation column is operated such that there is an acceptable toluene/para-xylene split.
The bottom stream from the distillation column is the product stream which contains
approximately 99.9% pure para-xylene, and minor amounts of toluene, meta-, and ortho-xylene.
The overhead from the distillation column primarily contains soluble nitrogen, toluene, and
water. The overhead stream is sent to a reflux accumulator which performs the function of a
decanter, separating the organic and aqueous phases.

The aqueous phase is sent to water

treatment and discarded from the process, while the organic phase is pre-heated prior to being
recycled to the reactor.
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Process Flow Diagrams:

A simplified block diagram of the process is shown in Figure 7 to highlight the important
features of the para-xylene process. For simplification purposes, the process is divided into
three sections:


Section 100: Methylation Reaction



Section 200: Heat Exchanger Network



Section 300: Separation and Purification

Detailed process flow diagrams are shown in Figures 8 - 10. The accompanying material
balances are shown in Tables 2 - 4. Note that because the patent specifies a very precise reactor
effluent stream composition, any xylene isomers introduced to the reactor via recycle streams are
effectively ignored.
Nitrogen flare
Distillation purge
Decanted water purge
Water/Toluene recyle
(post-heat integration)

Water/Toluene recycle

Methanol

Toluene

Process
Section
100

Nitrogen recylce
(post heat-integration)

Toluene
Methylation
Nitrogen makeup

Process
Section
200
Heat
Integration

Reactor Effluent

Nitrogen recycle

Reactor Effluent
(post-heat integration)

Process
Section
300
Xylene
Purification

Para-Xylene Product

Figure 7 – Block Flow Diagram, Toluene Methylation Process
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S-108

PUM-101

S-109

FHR-101

S-102

S-107

Figure 8 - Process Section 100, “Toluene Methylation”

Toluene

Nitrogen

S-106

HX-101
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S-103
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To storage tank
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78.82

937.43
136.26

262.53
136.26

303.40
124.15

320.00
129.15

319.09
124.15

837.79

1097.35 54730.81 7487.763 6.22E+04 1.01E+06
129.15

77.00

124.15

806.00

124.15

392.00

726.31 31812.39 40347.72

S-109
S-110
267.32
548.07
8145.76 17561.42

36.81
0.00
0.00
0.00
562.87
0.00
0.00
0.00

36.83
0.00
0.00
0.00
562.87
0.00
0.00
0.00

0.00
0.00
0.00
562.87
0.00
0.00
0.00

47.26
0.00
0.00
0.00
562.87
0.00
0.00
0.00

6209.72
0.00
23.46
3488.02
3.60E-02
3.41E-05
1.3E-05

49.36 19.08448
6209.67
0.00
0.00
4050.89
0.00
0.00
0.00

20.22

6209.67
0.00
0.00
4050.89
0.00
0.00
0.00

92.5488

0.00
0.00
267.32
0.00
0.00
0.00
0.00

7.05

0.00
0.00
267.32
0.00
0.00
0.00
0.00

7.36

0.00
548.07
0.00
0.00
0.00
0.00
0.00

14.23

0.00
0.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
3.01E+06 3.02E+06 7.37E+06 8.47E+06 5.35E+08 5.18E+08 1.32E+08 6.79E+03 1.50E+06 4.54E+07
0.58
0.58
0.51
0.50 0.016099
0.02
0.40
0.02
0.01
0.01

936.43
77.00
14.70
0.00

S-108
267.32
8145.76

Stream Number
S-111
S-112
S-113
S-114
S-115
S-116
S-117
S-118
Total Flow (lb-mol/hr)
274.04
274.04 13604.64 24139.32 24139.32 24687.39
531.79
531.79
Total Flow (lb/hr)
8780.71 8780.71 4.00E+05 8.96E+05 8.96E+05 9.09E+05 56456.06 56456.06
Total Flow (cuft/hr)
20173.86 20173.86 1.41E+06 2.74E+06 2.73E+06 3.93E+06 1244.73 1244.73
Temperature (F)
392.00
392.00
716.00
825.80
806.00
825.80
328.10
95.00
Pressure (psia)
124.15
124.15
124.15
102.00
102.00
73.00
21.17
21.17
Vapor Frac
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
Enthalpy (Btu/lb-mol)
4.54E+07 4.54E+07 5.01E+07 2.23E+08 2.23E+08 3.96E+08 8.94E+06 8.94E+06
Density (lb/cuft)
0.01
0.01
0.01
15.82
12.35
0.01
0.00
0.00
Heat capacity (Btu/lb-mol/F)
14.23
14.23
8.61
125.87
115.47
100.01
43.89
43.89
Mole Flow (lbmol/hr)
Water
0.00
0.00
373.78 6583.45 6583.45 7131.52
0.00
0.00
Methanol
274.04
274.04
0.00
0.00
0.00
0.00
0.00
0.00
Nitrogen
0.00
0.00 12876.11 13166.90 13166.90 13166.90
0.00
0.00
Toluene
0.00
0.00
338.08 4114.93 4114.93 3840.89
0.19
0.19
P-xylene
0.00
0.00
16.65
273.73
273.73
547.47
531.02
531.02
M-xylene
0.00
0.00 1.62E-02
0.22
0.22
0.44
0.42
0.42
O-xylene
0.00
0.00 4.14E-03
0.08
0.08
0.16
0.16
0.16
Note: recycle quantites of xylene are not propogated forward. See page 11 for explanation.

Heat capacity (Btu/lb-mol/F)
Mole Flow (lbmol/hr)
Water
Methanol
Nitrogen
Toluene
P-xylene
M-xylene
O-xylene

Vapor Frac
Enthalpy (Btu/hr)
Density (lb-mol/cuft)

Pressure (psia)

Temperature (F)

Total Flow (cuft/hr)

Table 2 - Stream Summary Information for Process Section 100
Stream Number
S-101
S-102
S-103
S-104
S-105
S-106
S-107
Total Flow (lb-mol/hr)
562.87
562.87
562.87
562.87 9721.227 10260.55 10260.56
51213.54 51213.54 51213.54 51213.54 433918.5 4.85E+05 4.85E+05
Total Flow (lb/hr)
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HX-201
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Figure 9 - Process Section 200, “Heat Integration”

S-212

To R-101

S-202

S-203

(S-116)
S-201

S-214

(S-105)

(S-110)

HX-202

S-209

S-213

S-204

S-205
S-206

S-210

HX-203

S-207

S-211

356 F
HPS

77 F
CW

(S-317)

To V-301

PROCESS FLOW DIAGRAM

HX-204

S-215

(S-305)

Toluene Methylation to P-Xylene
Dursch, Khalil, Khine, Mutahi

Stream Number
Total Flow (lb-mol/hr)
Total Flow (lb/hr)
Total Flow (cuft/hr)
Temperature (F)
Pressure (psia)
Vapor Frac
Enthalpy (Btu/hr)
Density (lb-mol/cuft)
Heat capacity (Btu/lb-mol/F)
Mole Flow (lbmol/hr)
Water
Methanol
Nitrogen
Toluene
P-xylene
M-xylene
O-xylene

15
S-212
13604.64
4.00E+05
1.41E+06
716.00
124.15
1.00
1.65E+07
0.02
5.38

S-213
9721.23
4.34E+05
7487.76
123.15
136.15
0.00
-7.4E+08
1.298282
30.95174

S-214
9721.23
4.34E+05
7487.76
320.00
129.15
1.00
-5.4E+08
0.016099
19.08448

S-206
24687.38
9.09E+05
3.76E+06
477.65
66.00
1.00
5.33E+08
0.01
13.97

S-207
24687.38
9.09E+05
3.82E+06
400.01
59.00
1.00
5.60E+08
0.01
13.42

S-215
24687.38
9.09E+05
3.82E+06
104.00
52.00
1.00
8.29E+08
0.02
16.95

5432.08 7131.52 7131.52
0.00
0.00
0.00
10029.22 13166.89 13166.89
2925.61 3840.89 3840.89
417.01
547.47
547.47
0.33
0.44
0.44
0.13
0.16
0.16

S-205
18804.38
6.93E+05
1.54E+06
248.00
66.00
0.79
3.02E+08
0.01
100.01

373.78
373.78 6209.716 6209.716 7131.52
0.00
0.00
0.00
0.00
0.00
12876.11 12876.11
23.46
23.46 13166.89
338.08
338.08 3488.02 3488.02 3840.89
16.65
16.65 3.60E-02 3.60E-02
547.47
0.02
0.02 3.41E-05 3.41E-05
0.44
0.00
0.00
1.3E-05
1.3E-05
0.16

S-211
13604.64
4.00E+05
7.58E+05
225.58
132.26
1.00
1.65E+07
0.02
7.75

Table 3 - Stream Summary Information for Process Section 200
Stream Number
S-201
S-202
S-203
S-204
Total Flow (lb-mol/hr)
24687.39 5883.00 18804.38 5883.00
Total Flow (lb/hr)
9.09E+05 2.17E+05 6.93E+05 2.17E+05
Total Flow (cuft/hr)
3.93E+06 9.37E+05 3.00E+06 7.83E+05
Temperature (F)
825.80
825.80
825.80
610.84
Pressure (psia)
73.00
73.00
73.00
66.00
Vapor Frac
1.00
0.84
0.84
0.76
Enthalpy (Btu/hr)
3.96E+08 9.44E+07 3.02E+08 9.44E+07
Density (lb-mol/cuft)
0.01
0.01
0.01
0.01
Heat capacity (Btu/lb-mol/F)
100.01
100.02
100.01
100.02
Mole Flow (lbmol/hr)
Water
7131.52 1699.44 5432.08 1699.44
Methanol
0.00
0.00
0.00
0.00
Nitrogen
13166.90 3137.67 10029.22 3137.67
Toluene
3840.89
915.29 2925.61
915.29
P-xylene
547.47
130.46
417.01
130.46
M-xylene
0.44
0.10
0.33
0.10
O-xylene
0.16
0.04
0.13
0.04
0.00
548.07
0.00
0.00
0.00
0.00
0.00

0.00
548.07
0.00
0.00
0.00
0.00
0.00

0.00
548.07
0.00
0.00
0.00
0.00
0.00

S-208
S-209
S-210
548.07
548.07
548.07
1.76E+04 1.76E+04 1.76E+04
20173.86 20173.86 4.03E+04
77.00
77.00
392.00
14.70
132.26
124.15
1.00
1.00
1.00
5.62E+07 5.62E+07 4.54E+07
1.54
1.54
0.02
24.36185
24.35
14.27

Toluene Methylation to P-Xylene
Dursch, Khalil, Khine, Mutahi

16
S-317

S-301

S-320

PUM-303

S-305

S-316

S-315

S-313

S-302

FIC

V-301

CMP-301

S-303

PUM-301

Figure 10 - Process Section 300, “P-Xylene Purification”

To HX-101

To HX-201

(S-215)

(S-215)

FIC

S-306

FIC

S-307

S-319

DST-301

S-311

S-314

PUM-304

S-318

S-312

S-304

LC

S-308

90 F
CW

FIC

S-309

To waste

To waste

PROCESS FLOW DIAGRAM

356 F
HPS

PUM-302 V-302

HX-301

HX-302

S-310

120 F

To Flare

Toluene Methylation to P-Xylene
Dursch, Khalil, Khine, Mutahi

17

373.78
19.72
0.00
0.00
12876.11 1.08E+01
338.08 3494.43
16.65
531.04
1.62E-02 0.422466
4.14E-03 0.160766

19.72
0.00
20.48
7992.72
1.73E-02
6.81E-03
1.77E-07

19.72
0.00
20.48
7992.72
1.73E-02
6.81E-03
1.77E-07

19.72
0.00
3.21
7.05
1.73E-02
6.81E-03
1.77E-07

0.00
0.00
17.27
7985.67
0.00
0.00
0.00

S-305
S-306
S-307
S-308
S-309
S-310
13604.64 4056.52 8032.94 8032.94
30.00 8002.94
4.00E+05 3.79E+05 7.37E+05 3.23E+05 1097.96 35854.00
7.58E+05 7164.41 15174.30 15174.30 15174.30 15174.30
225.58
86.00
251.48
200.02
200.02
200.00
132.00
47.00
27.16
20.16
18.16
18.16
1.00
0.00
1.00
1.00
0.00
0.00
1.65E+07 1.46E+07 9.87E+07 7.93E+07 1.88E+06 8.14E+07
0.02
0.57
0.18
0.29
0.00
0.32
7.75
38.32
46.26
43.48
13.97
43.62

Stream Number
S-311
S-312
S-313
S-314
S-315
S-316
S-317
S-318
S-319
S-320
Total Flow (lb-mol/hr)
4508.21 3494.73 6749.18
522.69 6226.49 9721.23 9721.23 10349.22 9817.43
531.79
Total Flow (lb/hr)
4.15E+05 3.22E+05 1.22E+05 9435.09 1.12E+05 4.34E+05 4.34E+05 1.10E+06 1.04E+06 56456.06
Total Flow (cuft/hr)
14228.09 9.46E+02 1995.99
154.58 1841.41 2.63E+05 7487.76 24120.29 2.92E+06 1244.73
Temperature (F)
200.00
200.00
104.00
104.00
104.00
123.15
123.15
323.40
328.10
328.10
Pressure (psia)
18.16
18.16
47.00
47.00
47.00
18.16
136.15
28.17
28.17
28.17
Vapor Frac
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
1.00
Enthalpy (Btu/hr)
45875900 35562700 -8.2E+08 -6.4E+07 -7.6E+08 -7.4E+08 -7.4E+08 18950400 1.65E+08 8.94E+06
Density (lb-mol/cuft)
0.32
0.32
16.95
16.95
16.95
1.30
1.30
0.43
0.00
0.00
Heat capacity (Btu/lb-mol/F)
43.62
43.62
3.38
3.38
3.38
30.95
30.95
57.37
43.89
43.89
Mole Flow (lbmol/hr)
Water
0.00
0.00 6730.99
521.28 6209.72 6209.72 6209.72
0.00
0.00
0.00
Methanol
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
Nitrogen
9.73
7.54
17.25
1.34
15.91
23.46
23.46 1.16E-72 1.10E-72 5.95E-74
Toluene
4498.48 3487.19
0.90
0.07
0.83 3488.02 3488.02
3.77
3.57
0.19
P-xylene
0.00
0.00
0.04
0.00
0.04
0.04
0.04 10334.24 9803.22
531.02
M-xylene
0
0 3.70E-05 2.87E-06 3.41E-05 3.41E-05 3.41E-05
8.09
7.67
0.42
O-xylene
0
0 1.41E-05 1.09E-06
1.3E-05
1.3E-05
1.3E-05
3.13
2.97
0.16

Table 4 - Stream Summary Information for Process Section 300
Stream Number
S-301
S-302
S-303
S-304
Total Flow (lb-mol/hr)
24687.38 13882.29 13882.29
277.65
Total Flow (lb/hr)
9.09E+05 4.09E+05 4.09E+05 8170.58
Total Flow (cuft/hr)
3.82E+06 1.36E+06 7.73E+05 15467.56
Temperature (F)
104.00
86.00
225.58
225.58
Pressure (psia)
52.00
47.00
132.00
132.00
Vapor Frac
1.00
0.98
1.00
1.00
Enthalpy (Btu/hr)
8.29E+08 3.01E+07 1.68E+07 3.37E+05
Density (lb-mol/cuft)
0.02
0.01
0.02
0.02
Heat capacity (Btu/lb-mol/F)
16.95
7.58
7.75
7.75
Mole Flow (lbmol/hr)
Water
7131.52
381.41
381.41
7.63
Methanol
0.00
0.00
0.00
0.00
Nitrogen
13166.89 13138.89 13138.89 262.7778
Toluene
3840.89
344.98
344.98
6.90
P-xylene
547.47
16.99
16.99
0.34
M-xylene
0.44 1.65E-02 1.65E-02 3.30E-04
O-xylene
0.16 4.22E-03 4.22E-03 8.44E-05
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Section 100 - Methylation Reactor
Introduction:

The methylation reactor converts toluene to ortho-, meta-, and para-xylene according to
the following vapor-phase chemical reactions:
C7H8 + CH3OH  p-C8H10 + H2O

(1a)

C7H8 + CH3OH  m-C8H10 + H2O

(1b)

C7H8 + CH3OH  o-C8H10 + H2O

(1c)

The above reactions take place at an average temperature of 824°F and a pressure ranging from
124 to 100 psig in the first and second reactor, respectively.5 Although the Breen et al. patent
states that the reactor can operate at atmospheric pressure, for this process the operating pressure
is higher to account for an overall pressure drop throughout the process, as well as a few key
economic considerations which are explained on page 69.
The following methanol dehydration reactions are suppressed as a result of the added
water:
2 CH3OH  C2H4 + 2 H2O

(2)

2 CH3OH  CH3OCH3 + H2O

(3)

to produce 99.9% para-xylene with 0.08% meta-xylene and 0.02% ortho-xylene.5 The reactor
operates exothermically, liberating heat at a rate of 8.60 x 106 Btu/hr (from ASPEN Plus). The
reactor was designed according to Example 7 of US Patent No. 7,321,072 B2 because the stated
operating conditions achieve a para-xylene selectivity of 99.9% and a methanol conversion of
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100%. Methanol is the limiting reagent for the aforementioned reactions. The specification
sheets for the methylation reactors are shown on pages 57-58.
Reactor Feed:

The feed to the reactor consists of water, nitrogen, methanol, and toluene. Toluene is
added in excess at an 8:1 molar ratio of toluene to methanol corresponding to a single-pass
toluene conversion of 12.5% to maintain a para-xylene selectivity of 99.9%. Water is added to
the reactor at a molar ratio of 12:1 (water to methanol) for reasons previously mentioned.
Nitrogen is added at a 2:1 molar ratio (nitrogen to water).5
Reactor Temperature Control:

reactor must be controlled to
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The temperature of the

8E+09
6E+09

temperature

from

greatly

exceeding 824°F. With the aid of
Professor Fabiano, a temperature
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reactants are fed at 806°F and the

4E+09
2E+09

|
010

805
|

prevent the reactor effluent stream
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Figure 11 Sawtooth temperature profile as observed in reaction vessels. The adiabatic
temperature rise occurs in an exponential fashion from 806F to 825F within the first
reaction vessel. This effluent is cooled back to 806F before entering the second reaction
vessel, after which an identical adiabatic temperature rise brings the second effluent to
825F.

effluent does not exceed 842°F.
The limiting reagent, methanol, added to the reactor is regulated such that the adiabatic
temperature rise does not result in a temperature that exceeds 842°F. According to an ASPEN
Plus simulation, no more than 91.5% of the total 548.68 lb-mol/hr of methanol may be added to
the reactor, suggesting the need for two reactor beds.
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It is more economically advantageous to design and purchase identical reactor beds than
to design and purchase differently sized beds. Consequently, two identical reactors are designed
and purchased. For each reactor, methanol is fed at exactly half of the total flow rate (274.04 lbmol/hr of methanol for each), resulting in a temperature profile ranging from 806°F to 825°F as
seen in Figure 11 (page 19). The methanol is introduced as a vapor at 392°F to quench the
reaction thereby reducing the heat duty required from an inter-reactor heat exchanger. This heat
exchanger is used so that each reactor has the same inlet temperature of 806°F. Methanol is
added as a vapor to avoid spraying a cold liquid on the catalyst at high temperatures, preventing
shattering or cracking the catalyst.
Reactor Geometry:

Each of the reactor beds is designed to coincide with a catalyst contact time of 0.36 s.5
The weight-hourly space velocity of toluene is defined as:
WHSV 

toluene mass flow rate
 11.12 hr -1
catalyst mass

(5)

which requires a total mass of catalyst of 4540 lb for two reactors. To account for catalyst
deactivation, catalyst loss, and catalyst needed to fill a third identical reactor, 60% extra is
included requiring a total mass of 7265 lb. Assuming a catalyst density of 51.39 lb/ft3 and a void
fraction of 0.48, the total volume of catalyst required is 88.29 ft3 and the total reactor volume is
rounded to 211.89 ft3 (Appendix C).
Since the rate of heat transfer is not a prevalent issue, the reactor dimensions are chosen
to minimize the pressure drop that occurs across the catalyst bed. For small aspect ratios (length
to diameter), the catalyst bed is thinner which is ideal for minimizing the pressure drop. The
20

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

pressure drop is effectively reduced because the fluid has to travel through a smaller amount of
catalyst. Smaller catalyst beds, however, are significantly worse for heat transfer because of the
lower amount of catalyst contacted. The reactor aspect ratio of 2 is chosen to keep the pressure
drop as low as possible (approximately 44 psig) without violating the plug flow assumption
while still maintaining a high enough aspect ratio for effective heat transfer. The height of each
reactor is increased by 5% beyond this specified length to account for catalyst support grids that
hold the catalyst in place, flanges, and a radiation shield that is placed at the top and bottom of
the reactor to protect from the extreme heat liberated by the reaction.
Additional Reactor Considerations:

Although the Breen et al. patent reports that no other heavy components (such as ethyl
benzene) are formed, it is suspected that impurities will exist at some point in the process.
Hence, two purges are incorporated into the process – one to eliminate any light components and
one to eliminate any heavier components.
In addition to serving as a heat sink within the reactor, fresh methanol is added to each
reactor to increase the conversion. The reactor is oriented vertically as an up-flow reactor. An
up-flow reactor is chosen to ensure that any force subjected upon the catalyst bed by the
reactants can be withheld. An advantage of this type of reactor is that gravity decreases the force
exerted on the bed by the reactants, preventing the bed from collapsing.
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Reactor Effluent

R-10(x)

R-10(x)

R-10(x)

Combined Feed

HX-102

Figure 12 Configuration for three reactors in series. Two of three reactors are used at any point in time. During decoking, one reactor is
serviced at a time to allow for continuous plant operation.

Coking effects due to high temperatures in the reactor require catalyst regeneration every
6 months. To avoid shutting down the process every 6 months, three reactors will be run in
series. Piping and valves are designed in such a way that, at any given time, two reactors will
operate in series and one reactor will be shut down for catalyst decoking (Figure 12).
The catalyst in the packed bed is a boron-oxide modified ZSM-5 zeolite. Specifically,
the catalyst is loaded with 10 wt% boron-oxide and contains a silica to alumina ratio of 80:1.
The catalyst is to be pressed into discs which are then crushed and sieved to produce particles
ranging from 250-850 µm in size.5
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Section 200 - Heat Integration
Introduction:

After Section 100, the reactor effluent (S-116) is sent to a decanter operating at 104°F to
allow for phase separation. Because the reactor effluent is at a high temperature, it must be
cooled from 824°F to 104°F before entering the decanter. The large amount of cooling required
for stream S-116 creates a number of heat integration opportunities between cold feed/recycle
streams and the hot effluent stream. As seen in Figure 9, Section 200 is dedicated entirely to
present this detailed heat exchanger network. Note a high pinch temperature of 122°F is chosen
to avoid the need for extremely large heat exchanger areas or multiple heat exchangers in series –
such a large ΔTmin is assumed because of the low heat transfer coefficient experienced in the
vapor-phase. The specification sheets for the individual heat exchangers are shown on pages 4350.
Heat Exchanger Network:

Stream S-201, the reactor effluent, is first split into two unequal streams so that stream
S-211, the nitrogen recycle stream, and stream S-213, the water/toluene recycle stream, are both
heated at 824°F. These streams exchange heat with the reactor effluent as it first leaves the
reactor which allows for better approach to the reaction temperature in both recycle heating
cases. In light of the difference in heat capacities between these streams, stream S-201 is split
such that stream S-211 (to HX-202) accounts for 24.8% of the total stream flow rate and stream
S-213 (to HX-201) accounts for 75.2% of the total stream flow rate. Once stream S-211 and
stream S-213 are pre-heated, the emerging reactor effluent streams, S-204 and S-205, are joined
at a weighted-average mixing temperature of 477°F.
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The mixed reactor effluent stream, S-206, is then used to pre-heat the feed methanol
stream. Methanol enters HX-203 at 77°F and emerges at 392°F, while stream S-206 enters at
477°F and cools to 400°F (S-207). Since the methanol enters as a liquid but exits as a vapor, the
heat of vaporization is included when calculating the temperature of the exiting methanol stream.
Stream S-207 is finally cooled from 400°F to 104°F using cooling water. In this final cooling
process, moderate pressure stream is generated at 365°F and 150 psig. Approximately 42% of
the moderate pressure stream produced is used in the reboiler of the distillation column.
Throughout the process, other heat integration options are employed.

Para-xylene

product exits the bottom of the distillation column at 392°F. This para-xylene product stream,
S-319, is used to pre-heat the toluene feed stream from 77°F to 128°F. This process cools the
para-xylene to 95°F before it is sent to product storage tanks. Additionally, the cold toluene
feed, S-103, is used in HX-102 as an inter-reactor coolant, cooling the reactor from 826°F to
806°F. The feed toluene is pre-heated from 128°F to 151°F (Appendix C).
Economic Justification of Heat Integration:

The heat exchanger network is carefully designed to exchange all available heat without
violating a ΔTmin of 122°F. In several cases, this restraint is relaxed at the cost of adding more
surface area. The cost of this heat exchanger network is justified when considering the case
without the use of any heat integration. If no heat integration is employed, cooling water would
be used to produce moderate to high pressure stream at a thermal efficiency of 70% when
cooling the reactor effluent. 6 The produced steam would then be used to pre-heat the feed and
recycle streams before they enter the reactor. Again, for this heat exchange, a thermal efficiency
of 70% is assumed. For the entire heat exchange process, two thermal efficiencies of 70% are
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experienced and results in overall efficiency of 49% (0.7 x 0.7 = 0.49). Contrary to this, utilizing
only heat integration that involves direct heat transfer uses an efficiency of 70%.
integration is the most cost effective choice primarily for this reason.
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Section 300 - Decanter
Introduction:

A decanter is a vessel that takes advantage of the difference in densities between the
aqueous (water), organic (toluene and xylene), and gas (nitrogen) phases. This process unit is
placed prior to the distillation column for the purpose of removing the large amount of nitrogen
and water present in stream S-207, the reactor effluent, thereby making the distillation feed
stream smaller in size. Additionally, the almost complete removal of nitrogen allows for the use
of a total condenser in the distillation column as opposed to a partial condenser.
Decanter Operating Conditions and Geometry:

The VLLE decanter is designed as a horizontal vessel that operates at a temperature of
77°F. The decanter is chosen to operate at ambient temperature, 77°F, because the separation
from ASPEN Plus was found to be independent of temperature (Appendix E). This temperature
is chosen also due to the fact that the solubility of nitrogen decreases as temperature decreases.
Since the reactor effluent is fed to the decanter at 104°F, the decanter is not operated
adiabatically – there is a small amount of heat released into the surroundings to allow streams to
exit at 77°F.
The operating pressure of the decanter determines the pressures of the upstream and
downstream process units. At higher operating pressures, the decanter allows for better liquidvapor disengagement – molecules at higher pressures have a larger force driving them out of the
vapor phase. Para-xylene condenses more at higher pressure, so less is lost overhead. Since
nitrogen is recycled and returned to the reactor, the nitrogen stream requires compression in
order to reach the reactor pressure. A clear trade-off exists between the decanter operating
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pressure and the cost required for compression of the nitrogen recycle stream. To determine the
optimal pressure, a plot of “the cost of para-xylene lost” versus “the cost of compression in
para-xylene equivalent” is created.

The intersection of these curves, where both the cost of

compression and the amount of para-xylene lost are minimized, is determined to be the optimal
operating pressure. As seen in Figure 13, this pressure is 3.5 atm or 51.5 psig.

Figure 13 A plot of decanter operating pressure versus both the cost of compression of the nitrogen recycle and the amount of pxylene lost in the overhead. Intersection of these lines signifies minimized compression costs and p-xylene losses, and hence the
optimal operating pressure.

A vent is located at the top end of the decanter to allow the majority of the nitrogen to be
recycled back to the reactor. Nitrogen at 77°F is soluble in both the aqueous and organic phases;
as such, the outlet streams are modified using Henry’s Law (Appendix C). The organic phase
exiting the decanter primarily contains toluene and xylene with minor amounts of water and
nitrogen. The organic phase is sent to the distillation column for further separation.
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The size of the decanter is dependent upon the time required to allow the organic and
aqueous phases to settle. This separation time is a function of the ratio of the viscosity of the
continuous phase to the difference in the phase densities (Appendix C). Using this method, the
residence time is determined to be 29.5 minutes. Extra time is given in order to ensure complete
phase separation because the presence of nitrogen introduces turbulence and mixing. Therefore,
the residence time is increased to 35 minutes.
The volume of the decanter is set by the densities of the two liquid phases. The actual
volume of the decanter is obtained by assuming the liquid phases occupy 50% of the total
volume (recommendation from a design consultant). The complete unit specification sheet is
shown on page 39.
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Section 300 - Distillation
Introduction:

The decanted organic phase is sent to the distillation column for further separation. The
feed stream to the column consists mostly of toluene (86 mol%), mixed xylenes (13.6 mol%),
and trace amounts of water (0.24 mol%) and nitrogen (0.12 mol%). The purpose of the
distillation column is to produce a para-xylene mixture that is 99.9% pure. Xylene isomers are
the highest boiling components (Table 1, page 6). As a result, para-xylene is designated as the
heavy key, while toluene is designated as the light key. Due to the trace amounts of nitrogen
present, it is decided that a partial condenser is not necessary. A total condenser is used instead.
Distillation Column Design:

Given that water is present in
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Figure 14 A ternary diagram for para-xylene, water, and toluene identifying the
two azeotropes that exist.

ASPEN Plus DSTWU subroutine is used to generate reflux ratio/theoretical number of stages
pairs that result in a 99.9% para-xylene recovery and a 99.9% toluene recovery in the bottoms
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and tops, respectively. A plot of theoretical number of stages versus reflux ratio is shown in
Figure 15.
Note that the NRTL property method
was used for all of the ASPEN simulations.
According to Chemical Process Equipment:
Selection and Design by Stanley Walas, the
economically optimal operating point of the
distillation column is 1.2 times the reflux
ratio and 2 times the minimum number of
stages.7

Using

this

heuristic,

the

Figure 15 A plot of Reflux Ratio versus the Theoretical Number of Stages
for the distillation column produced by the DSTWU subroutine in ASPEN
PLUS.

appropriate pair is selected and entered into the RADFRAC subroutine. This accounts for any
departure from ideality, such as the presence of azeotropes. Since the mixture is mostly ideal, the
RADFRAC results mirror those predicted by the DSTWU subroutine.
The distillation column is designed to hold a feed volumetric flow rate of 7511 ft3/hr.
The separation requires a column diameter of 26 ft and 77 actual sieve trays. The stages are
packed with 1.5” diameter ceramic Raschig rings, leading to a total height equivalent to a
theoretical plate (HETP) of 2 ft.

Accounting for a 3 ft space overhead for vapor-liquid

disengagement and a 4 ft space at the bottom for vapor reintroduction, the column is a total
height of 126 ft. Please see page 40, 49-50, 54, 56, and 59 for the detailed specification sheet.
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Section 100 – Unit Descriptions:
FAN-101

FAN-101 is a carbon steel centrifugal backward curved fan with a power consumption of
10.33 HP. The fan propagates the make-up nitrogen (S-108) along so that S-108 passes through
the fired heater to be preheated before entering the reactor. The bare module cost for the unit is
$17,975.13, and the specification sheet is available on page 41.
FHR-101

FHR-101 is a fired heater that preheats the toluene (S-106) and make-up nitrogen (S-108)
feed streams, as well as the recycle streams from the decanter and distillation overhead. It is
constructed from stainless steel with ceramic fiber insulation. The startup heat duty is 470
MBTU/hr, and the steady state heat duty is 104 MBTU/hr. The fired heater has a bare module
cost of $ 7.53 million. The specification sheet for this unit is provided on page 42.
HX-102

This heat exchanger preheats S-103 using the heat duty of the effluent from R-101, S114. S-103 with a flow rate of 51,213 lb/hr enters the shell side at 263°F and exits it at 303°F,
while S-114 with a flow rate of 895,698 lb/hr enters the tube side at 825°F and leaves it at 806°F.
It has an area of 588 ft2, a heat duty of 7.84 MMBtu/hr, and a bare module cost of $97,440. More
information can be found on the specification sheet found on page 44.
Methanol Storage Tank

Two methanol storage tanks are required to store a two week supply of methanol in the
case that the outside methanol supply is interrupted. The methanol storage tank is designed as a
floating roof cylindrical carbon steel holding tank to account for methanol vaporization. The
total bare module cost for both tanks is $2,398,721, and the specification is provided on page 60.
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Paraxylene Storage Tank

This is an API standard vertical cylindrical coned-roof storage tank to store the bottoms
product as it leaves the distillation column. The bottoms flow rate is 56,456 lb/hr and the tank
has a residence time of two weeks. The tank is designed for ambient temperatures of 92°F and is
constructed from carbon steel. Its bare module cost is $106,628. The specification sheet is
provided on page 61.
PUM-101

This unit increases the pressure of the toluene feed stream, S-101. It is a centrifugal cast
iron single stage pump with a vertical split case. The 936 ft3/hr of toluene enters the pump at a
pressure of 0 psig and is discharged at a pressure of 122 psig. At an efficiency of 77%, this pump
develops a head of 230.93 ft and delivers 67.92 hp to the fluid. It has a bare module cost of
$60,180.

It consumes 2.75 kW of electricity.

More information can be found on the

specification sheet found on page 51.
R-101

This 304L stainless steel reaction vessel is the first of two reactors in which the toluene
alkylation reaction takes place. It has a volume of 211.9 ft3, a diameter of 2.56 ft, and a length of
10.26 ft. It is packed with 2270 lb of B/ZSM-5 zeolite catalyst and has total vessel weight of
1,341,744 lb. Its bare module cost is $2,373,627. More information can be found on the
specification sheet on page 57.
R-102

This 304L stainless steel reaction vessel is the second of two reactors in which the
toluene alkylation reaction takes place. It has a volume of 211.9 ft3, a diameter of 2.56 ft, and a
length of 10.26 ft. It is packed with 2270 lb of B/ZSM-5 zeolite catalyst and has total vessel
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weight of 1,341,744 lb. Its bare module cost is $ 2,373,627. More information can be found on
the specification sheet on page 58.
Toluene Storage Tank

This is an API standard vertical coned-roof storage tank that stores toluene for continuous
operation. The flow rate out of the tank is 51,214 lb/hr and the tank has a residence time of three
days. It has a capacity of 33,711 ft3 with a vessel diameter of 28 ft and a height of 56 ft. The tank
is designed for temperatures of 92°F and is constructed from carbon steel. Its bare module cost is
$322,740. The specification sheet is made available on page 62.

Section 200 – Unit Descriptions:
HX-201

This heat exchanger heats the water leaving decanter (S-213) using S-206, one of the split
effluent streams. S-213, with a flow rate of 433,918 lb/hr, enters the shell side at 123°F and exits
it at 320°F, while S-202, with a flow rate of 216,714 lb/hr, enters the tube side at 826°F and
leaves it at 611°F. It has an area of 5,000 ft2, a heat duty of 64.3 MMBtu/hr, and a bare module
cost of $ 266,576. More information can be found on the specification sheet found on page 45.
HX-202

This heat exchanger heat the nitrogen stream leaving the decanter, S-211, using S-203,
the effluent after it leaves HX 101. S-211, with a flow rate of 400,359 lb/hr, enters the shell side
at 226°F and exits it at 716°F, while S-203, with a flow rate of 692,703 lb/hr, enters the tube side
at 826°F and leaves it at 248°F. It has an area of 9,800 ft2, a heat duty of 61.1 MMBtu/hr, and a
bare module cost of $ 4,254,965. More information can be found on the specification sheet found
on page 46.
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HX-203

This heat exchanger preheats the methanol feed, S-209, using S-206, the effluent after it
leaves HX 101. S-103, with a flow rate of 17,561 lb/hr, enters the shell side at 77°F and exits at
392°F.

S-114, with a flow rate of 909,416 lb/hr, enters the tube side at 478°F and leaves at

400°F. It has an area of 6877 ft2, a heat duty of 30.7 MMBtu/hr, and a bare module cost of
$189,900. More information can be found on the specification sheet found on page 47.
HX-204

This heat exchanger further cools the reactor effluent, S-207, using cooling water. S-207,
with a flow rate of 419,400 lb/hr, enters the shell side at 86°F and exits at 212°F. S-114, with a
flow rate of 909,416 lb/hr, enters the tube side at 478°F and leaves at 400°F. It has an area of
11,000 ft2, a heat duty of 14.3 MMBtu/hr, and a bare module cost of $ 189,900. More
information can be found on the specification sheet found on page 48.
PUM-201

This unit increases the pressure of feed methanol stream (S-208), imparting enough
pressure to allow it to get through the HX-203 and the reactors. It is a centrifugal cast iron pump.
The volumetric flow rate of the stream is 20,174 ft3/hr. The stream enters the pump at a pressure
of 0 psig and is discharged at a pressure of 118 psig. At an efficiency of 77 %, this pump
develops a head of 181.26 ft and delivers 62.68 hp to the fluid. It has a bare module cost of
$58,815. More information can be found on the specification sheet found on page 52.

Section 300 – Unit Descriptions:
CMP-301

This unit pumps the nitrogen recycle. It is a centrifugal cast iron pump. The volumetric
flow rate of the stream is 1,362,390 ft3/hr. The stream enters the pump at a pressure of 32.30 psig
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and is discharged at a pressure of 117.3 psig. At an isentropic efficiency of 70 %, this pump
delivers 6,404 hp to the stream. It has a bare module cost of $2,004,548. More information can
be found on the specification sheet found on page 38.
DST-301

The distillation column is a carbon steel vertical pressure vessel 123 ft in height and 26.4 ft
in diameter. It has 75 sieve trays spaced 24 inches apart. It has a vertical tube side reboiler and a
partial condenser. The vapor and liquid distillate flow rates are 1335 lb/hr and 321,285 lb/hr
respectively at 200°F and 20 psia. The bottoms flow rate is 56,456 lb/hr at 328°F and 28.17 psia.
The condenser heat duty is -132 MMBtu and the reboiler duty is 153 MMBtu. The total installed
cost of the column including its internals is $ 12,335,217. A detailed specification sheet for the
distillation column is provided on page 40.
HX-301

This heat exchanger condenses the distillation column's reflux. It uses 4,448,955 lb/hr
cooling water, which enters the condenser at 90°F and exits at 120°F. 417,013 lb/hr of distillate
is cooled from 200 °F to 164°F. It has an area of 35,628 ft2 and a bare module cost of $ 55,224.
More information can be found on the specification sheet found on page 49.
HX-302

This unit is a vertical thermosiphon reboiler that uses 176,558 lb/hr of steam at 366°F and
135 psig to heat the distillation column's 1,100,861 lb/hr of boil up from 281°F to 328°F. It has
an area of 35,627 ft2 and a bare module cost of $ 974,731. The reboiler is split into three equal
sized reboilers. More information can be found on the specification sheet found on page 50.
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PUM-301

This centrifugal single stage cast iron pump pumps the feed into the distillation column.
The feed volumetric flow rate is 2,924,280 ft3. The boil up enters the pump at a pressure of 9.5
psig and is discharged at a pressure of 13.47 psig. At an efficiency of 84.0%, this pump develops
a head of 43.59 ft and delivers 28.75 hp to the fluid. It has a bare module cost of $ 22,785. It
consumes 21.4 kW of electricity. More information can be found on the specification sheet
found on page 53.
PUM-302

This unit pumps the condensed distillate in the reflux accumulator back into the first
stage of the distillation column. It is a centrifugal cast iron single stage pump with a vertical split
case. The reflux volumetric flow rate is 912 gpm. The reflux enters the pump at a pressure of 0
psig and is discharged at a pressure of 2.3 psig. At an efficiency of 83.3%, this pump develops a
head of 14.9 ft and delivers 2.82 hp to the fluid. It has a bare module cost of $ 12,971. It
consumes 2.75 kW of electricity. More information can be found on the specification sheet
found on page 54.
PUM-303

This unit increases the pressure of the combined recycle stream, S-317. It is a centrifugal
cast iron pump. The 433,919 ft3 stream enters the pump at a pressure of 3.46 psig and is
discharged at a pressure of 121.45 psig. At an efficiency of 77%, this pump develops a head of
181.26 ft and delivers 67.68 hp to the fluid. It has a bare module cost of $58,814. It consumes
2.75 kW of electricity. More information can be found on the specification sheet found on page
55.
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PUM-304

This is the bottoms product in the sump into the reboiler. It is a centrifugal cast iron
single stage pump with a vertical split case. The boil up volumetric flow rate is 2,891 gpm. The
boilup enters the pump at a pressure of 0 psig and is discharged at a pressure of 13.47 psig. At an
efficiency of 83.6%, this pump develops a head of 43 ft and delivers 28.8 hp to the fluid. It has a
bare module cost of $22,785. It consumes 21.4 kW of electricity. More information can be found
on the specification sheet found on page 56.
V-301

This decanter allow the reactor effluent to separate into aqueous and organic phase, while
allowing nitrogen to time to disengage from the mixture. The inlet flow rate is 909,416 lb/hr or
3,824,290 ft3/hr. The decanter is a carbon steel horizontal pressure vessel 20.58 ft in diameter
and 102.9 ft in length, with a residence time of 35 minutes. Its bare module cost is $253,012.
More information can be found on the specification sheet found on page 39.
V-302

This unit is the reflux accumulator that collects the reflux from the distillation column. It
is a carbon steel horizontal pressure vessel 9.5 ft in diameter and 38 ft in length, with a residence
time of 10 minutes. The reflux flow rate is 93,767 lb/hr or 16,203 ft3/hr. Its bare module cost is
$83,526. Specification for the reflux accumulator is on page 59.
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Compressor
Identification:

Item:
Item No.:
No. Required:

Compressor
CMP-301

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To compress S-302 so it can be recycled back to the reactor.

Type:

Carbon steel centrifugal compressor.

Materials handled:

Inlet
S-302
Mass Flow (lb/hr): 408,529.24

3
Volumetric Flow (ft /hr): 1,362,390.00

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Outlet
S-303
408,529.00
773,378.00

13,882.29
13,138.89
0.00
381.41
344.98
16.99
0.02
0.00

13,882.29
13,138.89
0.00
381.41
344.98
16.99
0.02
0.00

86.00
32.30

225.58
117.30

Design Data:
Power Consumption(HP):
Isentropic Efficiency:
Motor Efficiency:

Cost:
Utilities:

6,404.26
0.70
0.90

CP: $1,520,841.49
Electricity

Comments:
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Decanter
Item: Horizontal Vessel

Identification:

Item No.:
No. Required:
Function:

V-301

Date:

14-Apr-09

1.00

By:

DKKM

To separate S-301 into three phases: S-302 (gas phase); S-313(aqueous/water-rich phase);
S-306 (organic phase).
V-L-L horizontal vessel

Type:

Materials handled:

S-302
408,529.24

Outlet
S-313
121,830.75

S-306
379,077.20

1,362,390.00

1,995.99

7,164.41

24,687.38
13,166.89
0.00
7,131.52
3,840.89
547.47
0.44
0.16

13,882.29
13,138.89
0.00
381.41
344.98
16.99
0.02
0.00

6,749.18
17.25
0.00
6,730.99
0.90
0.04
0.00
0.00

4,056.52
10.75
0.00
19.72
3,494.43
531.04
0.42
0.16

104.00
37.30

86.00
32.30

86.00
32.30

86.00
32.30

Inlet
S-301

Mass Flow (lb/hr):

909,416.00

3

Volumetric Flow (ft /hr): 3,824,290.00
Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Design Data:

Cost:

Vessel Volume (ft3):
Vessel Diameter (ft):
Vessel Height (ft):
Materials of Construction:
Settling time,τ(min)

10,892.20
20.58
102.89
carbon steel
35.00

CP :

$197,406.36

Utilities:
Comments:
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Distillation Column
Identification:

Item:
Item No.:
No. Required:

Function:

Vertical Pressure Vessel
DST-301

Date:

14-Apr-09

1.00

By:

DKKM

To separate S-306 into into light key stream(toluene), S-307 and heavy key stream(xylenes),
S-318.
Carbon steel distillation column

Type:

Inlet
S-306
Mass Flow (lb/hr): 379,077.20

Outlet

Materials handled:

3
Volumetric Flow (ft /hr):

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

S-307
737,385.54

S-318
1,098,697.02

7,164.41

15,174.30

24,120.29

4,056.52
10.75
0.00
19.72
3,494.43
531.04
0.42
0.16

8,032.94
20.48
0.00
19.72
7,992.72
0.02
0.01
0.00

10,349.22
0.00
0.00
0.00
3.77
10,334.24
8.09
3.13

86.00
32.30

251.48
12.46

323.40
12.46

26.40
126.00
1.91
63.00
2.00

Reflux Ratio:
Feed Stage:

Design Data:
Diameter(ft):
Height(ft):
Pressure(psig):
Number of Stages:
Tray Spacing(ft):

Cost:

CP: $2,965,196.51

Utilities:
Comments:

40

1.10
43.00

CBM: $12,335,217.48

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Fan
Identification:

Item:
Item No.:
No. Required:

Function:

Fan
FAN-101

Date:

14-Apr-09

1.00

By:

DKKM

To allow the make up nitrogen stream (S-108) to flow through the fired heater and
subsequently to the reactor
Carbon-Steel Centrifugal Backward Curved Fan

Type:

Materials handled:
Mass Flow (lb/hr):
3
Volumetric Flow (ft /hr):

Inlet
S-108
8,145.76
726.31

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

290.78
290.78
0.00
0.00
0.00
0.00
0.00
0.00

Temperature (F):
Pressure (psig):
Vapor Fraction:

77.00
109.45
1.00

Design Data:
Power Consumption :
Motor Efficiency :
Fan Efficiency :

Cost:

CP :

10.33 HP
0.90
0.70

$8,235.12

Utilities:
Comments:
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Fired Heater (Steady State)
Identification:

Item:
Item No.:
No. Required:

Heater
FHR-101

Date:

14-Apr-09

1.00

By:

DKKM

Function:

Steady State: Heats S-106 and S-108

Type:

A stainless steel fired heater with ceramic fibers insulation

Materials handled:

Inlet
S-106
Mass Flow (lb/hr): 485,132.05

3
Volumetric Flow (ft /hr):

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Outlet
S-107
485,132.05

Inlet
S-108
8,145.76

Outlet
S-109
8,145.76

62,218.57

62,218.57

726.31

726.31

10,260.55
0.00
0.00
6,209.67
4,050.89
0.00
0.00
0.00

10,260.55
0.00
0.00
6,209.67
4,050.89
0.00
0.00
0.00

290.78
290.78
0.00
0.00
0.00
0.00
0.00
0.00

290.78
290.78
0.00
0.00
0.00
0.00
0.00
0.00

319.09
124.15

837.79
124.15

77.00
109.45

806.00
109.45

Design Data:
Steady State Utility: 104 MBTU/hr

Cost:

CP: $4,048,387.10

CBM: $7,530,000.00

Utilities:

Coal

Comments:

Note that the fired heater unit is also used to preheat all the feeds during the start up.
Start Up Utility: 470 MBTU/hr
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Heat Exchanger
Identification:

Item: Shell and Tube
Item No.:
No. Required:

HX-101

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To preheat S-102 by using the heat duty of S-117.

Type:

Shell and Tube Heat Exchanger

Materials handled:

Mass Flow (lb/hr):

Shell Side
Inlet
Outlet
S-102
S-103
51,213.54
51,213.54

Tube Side
Inlet
Outlet
S-117
S-118
56,456.06
56,456.06

Volumetric Flow (ft3/hr):

937.43

1,097.35

1,244.73

1,244.73

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

562.87
0.00
0.00
0.00
562.87
0.00
0.00
0.00

562.87
0.00
0.00
0.00
562.87
0.00
0.00
0.00

531.02
0.00
0.00
0.00
0.19
531.02
0.42
0.16

531.02
0.00
0.00
0.00
0.19
531.02
0.42
0.16

Temperature (F):
Pressure (psig):

78.82
121.56

262.53
121.56

328.10
6.47

95.00
21.17

Design Data:
Tube Side: Stainless Steel
Shell Side:
Carbon Steel

Cost:

Heat Transfer Area(ft2):
Heat Duty (MMBTU/hr):

2,500.00
550,000.00

CP :

$30,277.19

Utilities:
Comments:
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Heat Exchanger
Identification:

Item: Shell and Tube
Item No.:
No. Required:

HX-102

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To further preheat S-103 by using the heat duty of the R-101 effluent, S-114.

Type:

Shell and Tube Heat Exchanger

Materials handled:

Mass Flow (lb/hr):
Volumetric Flow (ft3/hr):

Shell Side
Inlet
Outlet
S-103
S-104
51,213.54
51,213.54

Tube Side
Inlet
Outlet
S-114
S-115
895,698.23
895,698.23

1,097.35

54,730.81

2,741,710.00

2,726,000.00

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

562.87
0.00
0.00
0.00
562.87
0.00
0.00
0.00

562.87
0.00
0.00
0.00
562.87
0.00
0.00
0.00

13,166.90
0.00
0.00
4,114.93
273.73
0.22
0.08

13,166.90
0.00
0.00
4,114.93
273.73
0.22
0.08

Temperature (F):
Pressure (psig):

262.53
121.56

303.40
114.56

825.80
87.30

806.00
80.30

Design Data:
Tube Side: Stainless Steel
Shell Side:
Carbon Steel
Heat Transfer Area(ft2):
Heat Duty (BTU/hr):

Cost:

CP :

588.53
7,840,201.60

$30,277.19

Utilities:
Comments:
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Heat Exchanger
Identification:

Item: Shell and Tube
Item No.:
No. Required:

HX-201

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To heat S-213 by using the heat duty of the S-202.

Type:

Shell and Tube Heat Exchanger

Materials handled:

Shell Side
Inlet
Outlet
S-213
S-214
Mass Flow (lb/hr): 433,918.50
433,918.50

Tube Side
Inlet
Outlet
S-202
S-204
216,713.70
216,714.00

Volumetric Flow (ft3/hr):

7,487.76

7,487.76

937,223.00

782,741.00

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

9,721.23
23.46
0.00
6,209.72
3,488.02
0.04
0.00
0.00

9,721.23
23.46
0.00
6,209.72
3,488.02
0.04
0.00
0.00

5,883.00
3,137.67
0.00
1,699.44
915.29
130.46
0.10
0.04

5,883.00
3,137.67
0.00
1,699.44
915.29
130.46
0.10
0.04

123.15
121.45

320.00

825.80
58.30

610.84
51.30

Temperature (F):
Pressure (psig):

114.45

Design Data:
Tube Side: Stainless Steel
Shell Side:
Carbon Steel
Heat Transfer Area(ft2):
5,000.10
Heat Duty (BTU/hr): 64,295,174.62

Cost:

CP :

$82,831.82

Utilities:
Comments:

45

CBM:

$266,575.51

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Heat Exchanger
Identification:

Item: Shell and Tube
Item No.:
No. Required:

HX-202

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To heat S-211 by using the heat duty of the S-203.

Type:

Shell and Tube Heat Exchanger

Materials handled:

Shell Side
Inlet
Outlet
S-211
S-212
Mass Flow (lb/hr): 400,359.08
400,359.00

Volumetric Flow (ft3/hr): 757,911.00
Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Tube Side
Inlet
Outlet
S-203
S-205
692,702.73
692,702.00

1,408,690.00

2,995,730.00

1,541,590.00

13,604.64
12,876.11
0.00
373.78
338.08
16.65
0.02
0.00

13,604.64
12,876.11
0.00
373.78
338.08
16.65
0.02
0.00

18,804.38
10,029.22
0.00
5,432.08
2,925.61
417.01
0.33
0.13

18,804.38
10,029.22
0.00
5,432.08
2,925.61
417.01
0.33
0.13

225.58
117.56

716.00

825.80
58.30

248.00
51.30

124.15

Design Data:
Tube Side: Stainless Steel
Shell Side: Stainless Steel
Heat Transfer Area(ft2):
98,000.00
Heat Duty (BTU/hr): 61,124,730.62

Cost:

CP: $1,322,126.41

Utilities:
Comments:

46

CBM: $4,254,965.20

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Heat Exchanger
Identification:

Item: Shell and Tube
Item No.:
No. Required:

HX-203

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To preheat S-209 by using the heat duty of the S-206.

Type:

Shell and Tube Heat Exchanger

Materials handled:

Mass Flow (lb/hr):
Volumetric Flow (ft3/hr):

Shell Side
Inlet
Outlet
S-209
S-210
17,561.42
17,561.42

Tube Side
Inlet
Outlet
S-206
S-207
909,416.00
909,416.00

20,173.86

40,347.72

3,762,480.00

3,824,290.00

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

548.07
0.00
548.07
0.00
0.00
0.00
0.00
0.00

548.07
0.00
548.07
0.00
0.00
0.00
0.00
0.00

24,687.38
13,166.89
0.00
7,131.52
3,840.89
547.47
0.44
0.16

24,687.38
13,166.89
0.00
7,131.52
3,840.89
547.47
0.44
0.16

Temperature (F):
Pressure (psig):

77.00
117.56

392.00
109.45

477.65
66.00

400.01
59.00

Design Data:
Tube Side: Stainless Steel
Shell Side:
Carbon Steel
Heat Transfer Area(ft2):
6,876.81
Heat Duty (BTU/hr): 30,741,614.16

Cost:

CP :

$59,006.98

Utilities:
Comments:

47

CBM:

$189,900.62

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Heat Exchanger
Identification:

Item: Shell and Tube
Item No.:
No. Required:

HX-204

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To take away heat from S-207 using cooling water

Type:

Shell and Tube Heat Exchanger
Shell Side
Inlet
Outlet
CW
Steam
Mass Flow (lb/hr): 419,400.24
419,400.24

Materials handled:

Volumetric Flow (ft3/hr):
Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

6,754.33

Tube Side
Inlet
Outlet
S-207
S-215
909,416.00
909,416.00

11,208,250.00 3,824,290.00

3,824,290.00

419,400.24
0.00
0.00
419,400.24
0.00
0.00
0.00
0.00

419,400.24
0.00
0.00
419,400.24
0.00
0.00
0.00
0.00

24,687.38
13,166.89
0.00
7,131.52
3,840.89
547.47
0.44
0.16

24,687.38
13,166.89
0.00
7,131.52
3,840.89
547.47
0.44
0.16

86.00
0.00

212.00

400.01
44.30

104.00
37.30

150.00

Design Data:
Tube Side: Stainless Steel
Shell Side:
Carbon Steel
Heat Transfer Area(ft2):
11,000.00
Heat Duty (BTU/hr): 142,794,300.00

Cost:

CP :

$147,756.33

Utilities:

Cooling Water

Comments:

Moderate pressure steam is generated.

48

CBM:

$475,520.36

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Heat Exchanger
Identification:

Item: Condenser
Item No.:
No. Required:

HX-301

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To condense the overhead vapor stream, S-307.

Type:

Shell and Tube Heat Exchanger

Materials handled:

Shell Side
Inlet
Outlet
CW
CW
Mass Flow (lb/hr): 4,448,955.00 4,448,955.00

Volumetric Flow (ft3/hr):
Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Tube Side
Inlet
Outlet
S-307
S-308
737,385.54
737,385.54

-

-

15,174.30

15,174.30

247,164.17
0.00
0.00
247,164.17
0.00
0.00
0.00
0.00

247,164.17
0.00
0.00
247,164.17
0.00
0.00
0.00
0.00

8,032.94
20.48
0.00
19.72
7,992.72
0.02
0.01
0.00

8,032.94
20.48
0.00
19.72
7,992.72
0.02
0.01
0.00

90.00
0.00

120.00

251.48
12.46

200.02
5.46

0.00

Design Data:
Tube Side: Stainless Steel
Shell Side:
Carbon Steel
2

Heat Transfer Area(ft ):
118.70
Heat Duty (BTU/hr): -177,983,469.00

Cost:
Utilities:

CP :

$17,420.98

Cooling Water

Comments:

49

CBM:

$55,224.50

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Heat Exchanger
Identification:

Item: Thermosiphon Reboiler
Item No.:
No. Required:

HX-302

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To boil the incoming bottoms stream (S-318) and send it back to the column.

Type:

Thermosiphon Reboiler

Materials handled:

Shell Side
Inlet
Outlet
S-318
S-319
Mass Flow (lb/hr): 1,098,697.02 1,042,240.96

Tube Side
Inlet
Outlet
Steam
Water
176,558.40
176,558.40

Volumetric Flow (ft3/hr):

24,120.29

2,924,279.91

-

-

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

10,349.22
0.00
0.00
0.00
3.77
10,334.24
8.09
3.13

9,817.43
0.00
0.00
0.00
3.57
9,803.22
7.67
2.97

3,178,051.20
0.00
0.00
3,178,051.20
0.00
0.00
0.00
0.00

3,178,051.20
0.00
0.00
3,178,051.20
0.00
0.00
0.00
0.00

323.40
13.47

328.10

356.00
150.00

356.00
150.00

Temperature (F):
Pressure (psig):

13.47

Design Data:
Tube Side: Stainless Steel
Carbon Steel
Shell Side:
Heat Transfer Area(ft2):
35,627.63
Heat Duty (BTU/hr): 187,117,721.00

Cost:
Utilities:

CP :

$307,486.23

Moderate Pressure Steam

Comments:

50

CBM:

$974,731.34

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Pump
Identification:

Item:
Item No.:
No. Required:

Pump
PUM-101

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To increase the pressure of the incoming toluene stream (S-101)

Type:

Cast steel centrifugal pump

Materials handled:

Inlet
S-101
51,213.54

Outlet
S-102
51,213.54

Volumetric Flow (ft3/hr):

936.43

936.43

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

562.87
0.00
0.00
562.87
0.00
0.00
0.00

562.87
0.00
0.00
0.00
562.87
0.00
0.00
0.00

Temperature (F):
Pressure (psig):
Vapor Fraction:

77.00
0.00
1.00

78.82
121.56
1.00

Mass Flow (lb/hr):

0.00

Design Data:
Power Consumption:
Head:
Pump efficiency:
Motor Efficency:

Cost:
Utilities:

CP :

67.92 HP
230.93 Ft
0.77
0.90

$12,795.35

Electricity

Comments:

51

CBM:

$60,179.92

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Pump
Identification:

Item:
Item No.:
No. Required:

Function:

Pump
PUM-201

Date:

14-Apr-09

1.00

By:

DKKM

To increase the pressure of the methanol stream (S-208) so that it can flow through HX-203
and finally reach the reactors
Cast steel centrifugal pump

Type:

Materials handled:
Mass Flow (lb/hr):

Inlet
S-208
17,561.35

Outlet
S-209
17,561.42

Volumetric Flow (ft3/hr):

20,173.86

20,173.86

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

548.07
0.00
548.07

548.07
0.00
548.07
0.00
0.00
0.00
0.00
0.00

Temperature (F):
Pressure (psig):

77.00
0.00

0.00

0.00
0.00
0.00
0.00

77.00
117.56

Design Data:
Power Consumption(HP):
Head(ft):
Pump efficiency:
Motor Efficency:

Cost:
Utilities:

CP :

1.51
58.35
0.70
0.81

$2,945.50

Electricity

Comments:

52

CBM:

$9,720.16

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Pump
Item: Centrifugal Pump

Identification:

Item No.:
No. Required:

PUM-301

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To pump S-306 up the distillation tower

Type:

Cast steel centrifugal pump

Materials handled:

Inlet
S-306
Mass Flow (lb/hr): 379,077.20

Outlet
S-306
379,077.20

Volumetric Flow (ft3/hr):

7,164.41

7,164.41

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

4,056.52
10.75
0.00
19.72
3,494.43
531.04
0.42
0.16

4,056.52
10.75
0.00
19.72
3,494.43
531.04
0.42
0.16

86.00
32.30

86.00
32.30

Temperature (F):
Pressure (psig):

Design Data:
Power Consumption(HP):
Head(ft):
Pump efficiency:
Motor Efficency:

Cost:
Utilities:

CP :

2.50
72.22
0.70
0.81

$3,250.60

Electricity

Comments:

53

CBM:

$10,726.98

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Pump
Item: Reflux Pump

Identification:

Item No.:
No. Required:

PUM-302

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To send the reflux stream, S-310,back to the column.

Type:

Cast steel centrifugal pump

Materials handled:

Inlet
S-310
Mass Flow (lb/hr): 736,270.48

Outlet
S-310
736,270.48

Volumetric Flow (ft3/hr):

15,174.30

15,174.30

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

8,002.94
17.27
0.00
0.00
7,985.67
0.00
0.00
0.00

8,002.94
17.27
0.00
0.00
7,985.67
0.00
0.00
0.00

86.00
14.70

86.00
32.00

Temperature (F):
Pressure (psig):

Design Data:
Power Consumption(HP):
Head(ft):
Pump efficiency:
Motor Efficency:

Cost:
Utilities:

CP :

3.69
14.92
0.76
0.90

$3,814.92

Electricity

Comments:

54

CBM:

$12,970.73

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Pump
Item: Centrifugal Pump

Identification:

Item No.:
No. Required:

PUM-303

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To pump S-316 to HX-201

Type:

Cast steel centrifugal pump; motor driven.

Materials handled:

Inlet
S-316
Mass Flow (lb/hr): 433,918.50

Volumetric Flow (ft3/hr): 262,829.03
Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Outlet
S-317
433,918.50
7,487.76

9,721.23
23.46
0.00
6,209.72
3,488.02
0.04
0.00
0.00

23.46
0.00
6,209.72
3,488.02
0.04
0.00
0.00

123.15
3.46

123.15
121.45

9,721.23

Design Data:
Power Consumption(HP):
Head(ft):
Pump efficiency:
Motor Efficency:

Cost:
Utilities:

CP :

62.68
181.26
0.77
0.90

$17,822.59

Electricity

Comments:

55

CBM:

$58,814.56

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Pump
Item: Reboiler Pump

Identification:

Item No.:
No. Required:

PUM-304

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To pump S-319 back into the distillation column.

Type:

Cast steel centrifugal pump

Materials handled:

Inlet
S-319
Mass Flow (lb/hr): 1,042,240.96

Outlet
S-319
1,042,240.96

Volumetric Flow (ft3/hr): 2,924,279.91

2,924,279.91

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

0.00
0.00
0.00
3.57
9,803.22
7.67
2.97

0.00
0.00
0.00
3.57
9,803.22
7.67
2.97

328.10
9.50

328.10
13.47

Design Data:
Power Consumption(HP):
Head(ft):
Pump efficiency:
Motor Efficency:

Cost:
Utilities:

CP :

28.75
43.59
0.84
0.90

$6,701.60

Electricity

Comments:

56

CBM:

$22,785.44

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Reactor
Identification:

Chemical Reactor

Item:

1.00

Date:

14-Apr-09

R-101

By:

DKKM

Item No.:
No. Required:
Function:

To methylate toluene and convert it into para -xylene and its isomers

Type:

B/ZSM 5 catalyst packed cylindrical fixed bed reactor.
Inlet

Materials handled:
S-109
8,145.76

S-111
8,780.71

S-113
400,359.12

Outlet
S-115
895,698.23

31,812.39

20,173.86

1,408,690.00

2,726,000.00

10,260.56
0.00
0.00
6,209.67
4,050.89
0.00
0.00
0.00

267.32
267.32
0.00
0.00
0.00
0.00
0.00
0.00

274.04
0.00
274.04
0.00
0.00
0.00
0.00
0.00

13,604.64
12,876.11
0.00
373.78
338.08
16.65
0.02
0.00

24,139.32
13,166.90
0.00
6,583.45
4,114.93
273.73
0.22
0.08

837.79
109.45

806.00
109.45

392.00
109.45

716.00
109.45

806.00
87.30

S-107
Mass Flow (lb/hr): 485,120.05
Volumetric Flow (ft3/hr): 1,014,669.81
Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene
Temperature (F):
Pressure (psig):

Design Data:
Construction Material: 316L Stainless Steel
Vessel Weight (lb): 1,341,743.89
3

Volume (ft ):
Diameter (ft):
Length (ft):

Cost:

211.89
2.56
10.26

CP :

Residence Time (s):
0.18
Catalyst: B/ZSM5 zeolite
3

Catalyst Volume (ft ):
Catalyst Amount (lb):
Heat Duty (BTU/hr):

$570,343.00

Utilities:
Comments:

57

1.38
2,270.20
0, adiabatic

CBM: $2,372,627.00

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Reactor
Identification:

Chemical Reactor

Item:

1.00

Date:

14-Apr-09

R-102

By:

DKKM

Item No.:
No. Required:
Function:

To further methylate toluene and convert it into para -xylene and its isomers

Type:

B/ZSM 5 catalyst packed cylindrical fixed bed reactor.
Inlet

Materials handled:
Mass Flow (lb/hr):

S-112
8,780.71

S-115
895,698.23

Outlet
S-201
909,415.79

Volumetric Flow (ft3/hr):

20,173.86

2,726,000.00

3,932,950.00

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

274.04
0.00
274.04
0.00
0.00
0.00
0.00
0.00

24,139.32
13,166.90
0.00
6,583.45
4,114.93
273.73
0.22
0.08

24,687.39
13,166.90
0.00
7,131.52
3,840.89
547.47
0.44
0.16

Temperature (F):
Pressure (psig):

392.00
109.45

806.00
72.60

825.80
58.30

Design Data:
Construction Material: 316L Stainless Steel
Vessel Weight (lb): 1,341,743.89
3

Volume (ft ):
Diameter (ft):
Length (ft):

Cost:

211.89
2.56
10.26

CP :

Residence Time (s):
0.18
Catalyst: B/ZSM5 zeolite
3

Catalyst Volume (ft ):
Catalyst Amount (lb):
Heat Duty (BTU/hr):

$570,343.00

Utilities:
Comments:

58

1.38
2,270.20
0, adiabatic

CBM: $2,372,627.00

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Reflux Accumulator
Identification:

Item:
Item No.:
No. Required:

Horizontal Pressure Vessel
V-302

Date:

14-Apr-09

1.00

By:

DKKM

Function:

To store the reflux that is to be sent back to the top of the distillation column.

Type:

Carbon steel horizontal pressure vessel
Inlet
S-308
Mass Flow (lb/hr): 737,385.54

Outlet

Materials handled:

S-309
1,097.96

S-310
736,270.48

Volumetric Flow (ft3/hr):

15,174.30

15,174.30

15,174.30

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

8,032.94
20.48
0.00
19.72
7,992.72
0.02
0.01
0.00

30.00
3.21
0.00
19.72
7.05
0.02
0.01
0.00

8,002.94
17.27
0.00
0.00
7,985.67
0.00
0.00
0.00

200.02
5.46

200.02
3.46

200.00
3.46

Diameter(ft):
Height(ft):
Weight(lb):

9.51
38.03
7,992.69

Temperature (F):
Pressure (psig):

Design Data:

Cost:

CP :

$27,385.81

Utilities:
Comments:

59

CBM:

$83,526.73

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Storage Tank
Item: Methanol Storage Tank

Identification:

Item No.:
No. Required:

2.00

Function:

Storage for two weeks worth of methanol

Type:

A floating-roof cylindrical carbon steel holding tank

Date:

14-Apr-09

By:

DKKM

Materials handled:
Mass Flow (lb/hr):
3

8,789.49

Volumetric Flow (ft /hr):

167.57

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

548.04
0.00
548.04
0.00
0.00
0.00
0.00
0.00

Temperature (F):
Pressure (psig):

77.00
0.00

Design Data:

Cost:

Vessel Volume (ft3):
Vessel Diameter (ft):
Vessel Height (ft):
Materials of Construction:

59,116.58
43.00
43.00
carbon steel

CP :

$567,967.00

CBM: $2,398,721.88

Utilities:
Comments:

All of the specifications, aside from the total cost) are for one methanol storage tank.
The size of the storage tank includes an additional 5% of volume to account for methanol
evaporation due to environmental changes.
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Storage Tank
Identification:

Item: Para- xylene Storage Tank
Item No.:
No. Required:

2.00

Function:

To store 2 weeks worth of 99% para-xylene product (S-320)

Type:

Coned-roof cylindrical carbon steel holding tank.

Materials handled:

Date:

14-Apr-09

By:

DKKM

S-320

Mass Flow (lb/hr):
3

Volumetric Flow (ft /hr):

56,456.06
1,244.73

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

531.79
0.00
0.00
0.00
0.19
531.02
0.42
0.16

Temperature (F):
Pressure (psig):

328.10
13.47

Design Data:

Cost:

Vessel Volume (ft3):
Vessel Diameter (ft):
Vessel Height (ft):
Materials of Construction:

148,753.58
56.00
57.43
carbon steel

CP :

$509,210.00

CBM: $2,150,572.18

Utilities:
Comments:

All of the specifications listed aside from the total cost are for one (1) p-xylene storage
tank. Listed cost is for all required p-xylene storage tanks. The para- xylene stored is in
liquid phase.
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Storage Tank
Identification:

Item:

Toluene Storage Tank

Item No.:
No. Required:

1.00

Date:

14-Apr-09

By:

DKKM

Function:

To store of a total of three days-worth of toluene for continuous process function.

Type:

Coned roof carbon steel storage tank

Materials handled:
Mass Flow (lb/hr):
3

Volumetric Flow (ft /hr):

562.87
51,213.54

Total Mole Flow (lbmol/hr):
Nitrogen
Methanol
Water
Toluene
Para-xylene
Meta-xylene
Ortho-xylene

562.87
0.00
0.00
0.00
562.87
0.00
0.00
0.00

Temperature (F):
Pressure (psig):

77.00
0.00

Design Data:

Cost:

Vessel Volume (ft3):
Vessel Diameter (ft):
Vessel Height (ft):
Materials of Construction:

33,711.12
28.00
56.00
carbon steel

CP :

$76,418.00

Utilities:
Comments:
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Utilities
Introduction:
The utility requirements for the production of para-xylene are summarized in Table 5.
As a result of the meticulously designed heat exchanger network, the annual utility requirements
have been greatly reduced and in fact result in a net profit. Note that the utility costs are
estimated

using

empirical

relationships for Process Design by
Warren D. Seider et al. As seen in
Table 5, the production of paraxylene necessitates a net consumption
of cooling water, electricity, coal, and
waste water treatment; however, the

Type of Utility

Price of Utility

Cooling Water

$ 9.00 x 10 -6 per lb

78.92 lb

317,100

Electricity

$ 0.040 per kW-h

0.0873 kW-h

1,559,000

Moderate Pressure
Steam
(150 psig)
Coal
Waste Water
Treatment

$ 4.0 x 10 -3 per lb

3.13 lb

5,589,700

$ 9.80 x 10 -3 per lb
$ 0.10 per lb

0.195 lb
0.0281 lb

853,200
1,254,500

$ 4.0 x 10 -3 per lb

7.44 lb

-13,286,590

Net Total:

($6,222,090)

Moderate Pressure
Steam (150 psig;
produced by HX203)

process allows for a net generation of
moderate pressure steam, bringing
the annual utility cost a net total of

Amount of Utility
per lb of PX*

Annual Cost ($)

Table 5 An economic summary of the annual utility usage. A net $6,222,090 is
gained due to the production of steam. *446,458,003 pounds of para-xylene is
produced per year.

$ -6,222,090.
Cooling Water:

The condenser in the distillation tower and the reactor effluent (HX-203) are the two units
in the process that require cooling water.

The condenser uses cooling water at a rate of

4,448,995 lb/hr, entering the exchanger at 90°F and exiting at 120°F. This cooling water stream
cools the 4,579 lb-mol/hr distillate stream from 251°F to 200°F. A smaller amount of cooling
water, 419,400 lb/hr, is used in HX-203 to cool stream S-207 from 400°F to 77°F. The cooling
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water is assumed to be readily available fro
from a cooling tower located elsewhere in the complex,
costing $9.00 x 10-6/lb as indicated in Table 5.

Electricity:

Electricity is the
he largest utility expenditure in
the process.
rocess.

Electricity is required for all of the

pumps in the process, the fan, and the compressor.
The nitrogen recycle compressor
compressor, CMP-301, accounts
for the largest use of electricity
electricity, with a power
consumption of 6404.25 HP. In order to cut back the
compressor duty,, the pressure of the overall process is
increased because it is far cheaper
heaper to pump liquids than

Figure 16 An analysis of the electricity requirement
within the entire process. Note the nitrogen recycle
compressor accounts for the largest demand of electricity
within the plant.

to compress a gas. Even
ven though the duty on the pumps was increased, the pumps only consume
approximately 3% of the electricity (Figure 16). As such, the decision to increase the pressure
and cut the compressor duty proves to be economical.
Steam:

There
here is a net production of steam in the process because the production of moderate
pressure steam in HX-203. Although moderate pressure steam is required for reboiler HX-302
operation, there
here is a net production of 4.31 lb
lb-steam/lb-para-xylene in the process.
process The net
production of steam allows for an annual net profit of $7.7 million.
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Coal:

Coal is used in the fired heater to pre-heat the feed and recycle streams during start-up
and at steady-state. The fired heater consumes coal instead of natural gas and other fuel sources
because coal has a large heating value to price ratio. For example, coal costs $ 4.0 x 10-3/ lb
(HHV of 13,500 Btu/lb) whereas natural gas costs $0.60/lb (HHV of 1,055 Btu/SCF).6 Since the
heat duty required from the fired heater is large (5.75 x 108 Btu/hr), it is more economical and
efficient to use coal. Please see page 75 for a discussion of the disadvantages of using coal as a
fuel source.
Waste Water Treatment:

Waste water treatment is also a main utility expenditure due to existing purge streams in
the process. Waste water treatment requires an annual expenditure of $ 1.25 million.6 The waste
stream contains water, soluble nitrogen, and organic materials (toluene, para-xylene, metaxylene, ortho-xylene). Therefore, it is important for the waste stream to be treated appropriately
before its disposal.
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Process Control
Introduction:

A controller is required to govern the division of the reactor effluent stream (S-201) into
two flow-controlled streams (S-202 & S-203) prior to entering the heat exchanger network in
Process Section 200. Recall the reactor effluent stream is split so that the nitrogen recycle
stream (S-211) and the water/toluene recycle stream (S-213) can both absorb heat at reactor
effluent temperatures, allowing for better recycle stream pre-heating.
It is important to note that while heat exchangers HX-201 and HX-201 do succeed in preheating the recycle streams, neither recycle stream reaches the target reactor temperature (806°F)
post-heat integration. The pre-heated water/toluene stream is easily fed to FH-101 to bring the
stream to 806°F prior to entering the reactor. The nitrogen recycle, however, cannot be as
conveniently fed to a fired heater; a stream containing such large quantities of nitrogen (12,876
lb-mol/hr) should be kept away from direct flame heating for safety concerns. The effluent split
is therefore designed to prioritize heating the nitrogen recycle stream with exchangers with a
larger amount of reactor effluent to bring it as close to 806°F as possible.
Control Mechanisms:

An ideal stream split fraction of the effluent stream is calculated to be approximately 0.24
/0.76, where the smaller fraction (S-203) exchanges with the nitrogen recycle and the larger
fraction (S-202) exchanges with the water/toluene recycle. Under this split fraction, the nitrogen
recycle’s maximum exit temperature is 716°F. A flow controller is installed on stream S-203 to
govern the 0.24/0.76 split fraction. Additionally, a temperature controller is installed on stream
S-212 and connects to the flow controller via cascade control. If for whatever reason the outlet
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nitrogen recycle temperature is found by the temperature controller to fluctuate, the flow
controller will override the set split fraction and adjust the split fraction accordingly to allow for
more or less heat exchange between streams S-203 and S-211. This cascade control ensures the
nitrogen recycle outlet temperature always reaches 716°F.
Additional controllers surround the decanter operation. A level controller is installed on
the decanter vessel. If the liquid level within the decanter is determined to be insufficient, the
level controller will adjust the decanter outlet flow rates to ensure both a proper level within the
decanter and a consistent residence time of liquid within the vessel. Similar controllers surround
the reflux accumulator and are installed to regulate both the liquid level within the vessel as well
as the purge flow rate.
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Catalyst Regeneration
Introduction:

Carbonaceous deposits (coke) on the surface of the catalyst in the methylation reactor
results in activity loss of the ZSM-5 zeolite catalyst used for the reaction. For this process, the
time between subsequent catalyst regeneration is 6 months. After 6 months, the presence of coke
on the catalyst significantly diminishes the selectivity of para-xylene and the overall conversion
of methanol. In order to keep the selectivity and conversion constant, spent catalyst must be
regenerated or decoked by combusting the carbonaceous deposits.
Temperature control is the most important parameter in this process since the catalyst’s
crystalline structure becomes compromised at high temperatures. The methylation reaction
occurs for temperatures ranging from 662°F to 1202°F.5 As an upper bound, the maximum
temperature allowed is 1150°F; at this temperature it is certain that the catalyst’s integrity is not
compromised. Coke is removed by oxidizing carbon to form carbon dioxide. This process uses
a reaction train of three vessels, two of which are operational at any given time. This means that
while any of the reactor beds are having their catalyst regenerated, the plant remains completely
operational. This tactic prevents biannual process shutdown.
Decoking Operation:

To remove any remaining traces of methanol, toluene, and xylenes, the reactor is purged
with high-pressure steam at 482°F and 588 psia. Once acceptably low concentrations of the
hydrocarbons and methanol are detected, air is gradually introduced (diluted with make-up
nitrogen) until an oxygen concentration of 3 wt% is reached. During oxidation of the coke, the
adiabatic temperature rise brings the reactor to approximately 1,112°F – within the acceptable
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limits (Appendix C). The air flow rate is sustained until the temperature of the outlet stream
starts to drop, indicating the end of the combustion. When the temperature falls below 932°F,
the regeneration is complete. The reactor is again purged using steam to eliminate the oxygen to
prevent further combustion of hydrocarbons.
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Start-up
For yearly maintenance, the process will
need to be shut-down and restarted.

Since the

process involves large recycle streams of toluene,
nitrogen and water and an extensive heat exchanger
network, start-up conditions differ considerably

Table 6 Start-up costs as required throughout the entire
process plant. Costs are calculated under the assumption
that steady-state operation occurs within one (1) day of
start-up.

from the steady-state operation. During start-up, using the fired heater, toluene, nitrogen, and
water are heated from 77°F to 806°F, and methanol is heated to 392°F, but during the steadystate operation, the majority of these streams are heated via heat exchanger network. Hence, the
total heat duty in the fired heater at start up is 470 x 106 Btu/hr, as opposed to the steady-state
value of 104 x 106 Btu/hr (Page 42). Assuming it takes a day to re-start the process, which is a
likely overestimate, the total cost of start-up is $6,297,454 (Table 6).
As seen in Table 7,
the flow rates of toluene,
nitrogen, and water vary
considerably from steady-

Table 7 Start-up flow rates of key process chemicals. Because of careful recycle design,
the steady-state flow rates of these chemicals are significantly reduced.

state operation as a result of the recycle streams. Prior to heating each of the feed streams, the
process will be purged with nitrogen to eliminate oxygen which would lead to catalyst sintering
due to combustion. The distillation column will be operated at total reflux until an optimal
switch over time, 2-4 hrs, where the para-xylene product stream meets the 99.9% purity set
point.
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Design Alternatives
Throughout the course of designing this process, several alternatives to the current design
were considered and are worth mentioning.
Process Section 100 Design Alternatives:
Tubular Reactor for R-101 & R-102

A primary concern when designing this process involved the highly exothermic nature of
the methylation reaction. As such, a design that addressed the issue of carefully controlling
reactor temperature was suggested. As per Professor Fabiano’s suggestion, a tubular reaction
vessel was considered as a reactor design alternative. This tubular reactor is comprised of a
number of “reaction” segments (packed with catalyst) interspersed regularly between “cooling”
segments (packed with inert balls). It is designed such that the reactor would be allowed heat up
only minimally before entering a cooling segment in which it will be successively cooled. This
sequence of frequent heating and cooling would allow for a carefully controlled reactor
temperature. Although novel, this design alternative was not employed on the grounds that far
more is known about industrial interstage cooling between reaction vessels involving exothermic
reactions. Additionally, it was discovered that rapid heat removal from the reactor was not as
pressing or unfeasible an issue as originally anticipated.
Fluidized Bed Reactor for R-101 & R-102

A second reactor design alternative was considered involving a fluidized bed reactor to
eliminate the pressure drop across the reactor. It was later discovered that the entire process is
not pressure sensitive—the pressure of the reactor is only set by the downstream decanter.
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Additionally, the pressure drop across the current reactor vessel design is not significant (44 psi
across two vessels). A fluidized bed reactor is thus not required.
Process Section 200 Design Alternatives:
Heat Integration

Before executing full heat exchanger design, calculations were made to determine
whether or not any heat integration model is economical. The alternative to the current heat
integration design would be, quite simply, the lack of any heat integration. No heat exchangers
would be modeled or purchased, and all required heating and cooling would be conducted via
utility steam and cooling water. Calculations show, however, that the cost of purchasing the six
(6) heat exchangers necessary for the heat integration detailed in this report is far less than the
cost of additional utilities needed when no heat exchangers are present. As such, the decision to
employ heat integration is made.
Process Section 300 Design Alternatives:
Decanter V-301

The decanter was introduced to the process when considering alternatives concerning the
feed stream to the distillation column. The primary function of the decanter is to rid the reactor
effluent stream of nitrogen, a component that comprises more than half of the total molar amount
of the reactor effluent stream. A design alternative in which a decanter is not used and the
cooled reactor effluent stream with all its nitrogen is fed directly to the distillation column is
impractical—this feed stream would demand an even larger column to accommodate it.
Considering the column already accounts for 37% of total capital costs, increasing the size of the
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column to save the cost of a decanter is a design alternative that is not economical and is not
employed.
Pump PUM-303

Lastly, it should be noted that although piping organic and aqueous phases together is
acceptable, they should not be pumped. Pump PUM-303 pumps stream S-316, the water/toluene
recycle stream. In retrospect, this is considered to be a poor design choice—the two phases
should be pumped separately as two individual recycle streams. This, however, would introduce
significant changes to heat integration in Process Section 200 involving the water/toluene recycle
and HX-201. As such, while the design is certainly a poor one, the change was not made.

Safety
The previously described process entails a number of extreme operating conditions and
hazardous materials. They include heating flammable materials to temperatures exceeding their
flashpoints, the high temperatures of the reactor, and the storage of volatile substances. While
the process units have been meticulously designed in order to withstand the conditions and limit
potential risks, a few potentially dangerous issues need to be addressed.
The temperature of the reactor is controlled such that it does not exceed 824°F. This
ensures that the designed stainless steel reactor does not experience thermal fatigue, clearly
preventing a number of possible adverse events including explosions. Because of the high
temperatures involved in most of the process, equipment units and piping involved in the
transport of fluids in excess of 160°F are jacketed with insulating material.
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The fired heater pre-heats toluene, nitrogen, and methanol, substances with extremely
low flash points to a dangerously high, 806°F. Directly firing these chemicals to attain these
temperatures presents a considerable explosion risk in the event of the smallest leakage.
However, many processes make use of a fired heater to heat such chemicals, and so it is assumed
to be safe here.
Due to its considerable volatility, a vapor pressure of 3.84 psia at 77°F, methanol is
stored in vertical cylindrical tanks with floating-head covers. This limits extreme rises in
pressure due to evaporation.

Environmental Considerations
The existence of an extensive heat exchange network eliminates the need for heating and
cooling utilities. The waste products from the process are from the water purges from the
decanter, the nitrogen purge above the decanter, and the overhead from the distillation column.
The purge from the decanter overhead is primarily nitrogen (95 mol%), with smaller amounts of
toluene (2.5 mol%), and para-xylene (0.1 mol%). A flare is placed above the decanter to
combust the small amounts of hydrocarbons into the less hazardous water and carbon dioxide.
The purge from the distillation column contains waste water (99.2 mol%). This stream is sent to
a waste treatment facility in another part of the plant complex. Please see Appendix F for the
complete Material and Safety Data Sheets (MSDS).

Materials of Construction
Since no corrosive chemicals are handled in this process, the construction materials are
only carbon steel (for low temperatures) and 304 stainless steel (for high temperatures). All
process equipment units and piping involved in the transport of fluids with temperatures greater
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than 752°F require the use of 304 SS, which maintains its structural integrity at temperatures
around 1300°F. All process equipment and pipes with temperatures in excess of 160°F are
insulated. For temperatures less than 650°F, 85% magnesia is used as insulation. Beyond this
point, mixtures of asbestos and diatomaceous earth are used, up to a temperature of 1900°F.
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Economics
The size and bare module costs of all of the equipment units in the process were
estimated using the empirical relationships provided in Process Design Principles by Seider et
al. The itemized list of equipment, including bare module factors, is shown in Appendix D. For
this process, the Total Bare Module (TBM) Cost for all of the equipment including the catalyst is
$46,579,300. While rigorous calculations were used to determine the cost of each unit, it is
realized that the TBM may be too small due to sizing assumptions; therefore, +10% of the TBM
($51,237,230 total) is used for further calculations.
Using the Holger Nickish Profitability Spreadsheet, financial statements for the paraxylene production process were created to assess its profitability (see Appendix D for results).
The Total Capital Investment (TCI) for the process is $ 63,170,900. Over 15 years of operation,
the process will provide a Net Present Value of $60,468,500, with an Investor’s Rate of Return
(IRR) of 28.80%. Note that the total number of operating hours used for the profitability
analysis is 7920 (or 330 days) to account for two weeks of maintenance.
A capital cost distribution for each
process unit is shown in Figure 17. The
distillation tower and its components
account for the largest portion of the
capital cost. Since the separation factor
between toluene and para-xylene is close
to 1, the distillation column is nearly 150 ft

Figure 17
An economic analysis of capital cost distribution
throughout the plant. The distillation tower and its components
account for the largest portion of the capital cost.

tall and as a result, expensive. However, this
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capital cost is necessary is 99.9% pure para-xylene is to be produced. The fired heater accounts
for the second largest capital cost in the process. Since such high temperatures are required at
both start-up and steady-state, the heat duty demanded from the fired heater is large. The bare
module cost of the fired heater is dependent upon the amount of heat duty required; therefore, the
capital cost of the fired heater is $7.5 million. Despite these high but necessary capital costs, the
process is a worthwhile investment because of its prolific return. As shown in Appendix D, in
the Cash Flow chart, the process obtains average net earnings of $30 million within the first three
years.
Electricity is the largest utility
expense in the process. The compression
of nitrogen from the decanter unit
overhead, Section 300, consumes the
majority of the electricity.

Since the

electricity is the major utility usage of the
plant,

a

performed

sensitivity
to

analysis

determine

was
the

Figure 18 The results of a sensitivity analysis used to determine the effect
of a fluctuation of electricity price on the net present value of the process.
Note in the extreme case of a 50% increase in the cost of electricity, the net
present value only deviates by less than 2%

susceptibility of the NPV to a change in
the cost of electricity. Note that the electricity cost for the base scenario is assumed to be
$0.040/kW-hr, which is a bit too low. As shown in Figure 18, a 50% increase in the price of
electricity ($0.060/kW-hr) decreases the NPV by $1 million, or a 1.57% loss. For this reason, it
can be concluded that the NPV is not particularly susceptible to a spike in the cost of electricity.
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There are two revenue
sources from the para-xylene
xylene
process. The first is the
he main
product, 99.9% pure para-xylene
xylene
and the

second

is

Base Scenario,, $0.60/lb PX

moderate

pressure steam. The
he net revenue
for para-xylene and moderate
rate
pressure steam is $267.87 million

Figure 19 The results of a sensitivity analysis used to determine the effect of a
fluctuation in para-xylene selling price on the net present value of the process. It is
shown that, unlike electricity costs, the net present value is very sensitive to changes
in para-xylene selling price.

and $13.29
13.29 million, respectively. A completed minor sensitivity analysis proves that the NPV of
the process remains positive for a +/
+/- 15% fluctuation in the selling price of para-xylene. A
base-case
case scenario selling price of $0.60/lb para-xylene
xylene results in a NPV of $63 million.
However as seen in Figure 19,, a positive or negative deviation from $0.60/lb price by about
8.3% results in a drastic change in the net present value. A decrease in para-xylene
para
price of
8.3% ($0.55/ lb) results in a NPV of $20 million, whereas an 8.3% increase from $0.60/lb results
in a NPV of $110 million. The minor sensitivity analysis indicates that the NPV of the process is
highly disposed to any changes in para-xylene price. Despite this, it is predicted that the demand
for para-xylene
xylene is expected to grow in the next few years
years, causing the price of para-xylene to
increase.

78

Toluene Methylation to P-Xylene

Dursch, Khalil, Khine, Mutahi

Conclusion and Recommendations
The revolutionary process disclosed in US Patent No. 7,321,072 B2 by Breen et al
presents an economically feasible and environmentally friendly opportunity for an entirely new
para-xylene production process. The enclosed design gives one possible commercialization of
such a process and offers several design alternatives worthy of consideration. The process is
designed to mirror the conditions specified in the Breen et al patent so that the profitability of
such a process can be determined. Despite this, several new design methods are employed to
increase the profitability of the process.
Extensive recycle loops are designed in order to maintain a constant diluents-to-feed ratio
so that a 99.9% para-xylene selectivity is continuously achieved. Additionally, a detailed heat
exchanger network is designed to recover the most possible heat liberated by the methylation
reaction. Such an extensive heat exchanger network, however, requires cascade control in order
to ensure that large nitrogen recycle stream does not have to be pre-heated by the fired heater.
The process is largely a vapor-phase process; however, a liquid phase is primarily present in the
separation section of the process. The process also contains highly flammable materials which
require particular environmental and safety considerations.
The Total Capital Investment for the process is about $63 million. Assuming a 15 year
process lifetime, the Net Present Value is approximately $61 million – this provides an
Investor’s Rate of Return of roughly 29%. As previously described, the NPV remains positive
even for oscillations in the selling price of para-xylene by as much as 15%. However, from a
minor sensitivity analysis, it was determined the that overall NPV for the process is highly
dependent upon the para-xylene selling price. Despite this, due to an increase in the use of PET
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in plastic bottles, the demand for para-xylene is expected to increase by approximately 7%
causing an increase in the selling price of para-xylene.
Because of the fact that no heavy components, such as ethyl benzene, were claimed to be
produced in the methylation reactor, the reaction needs to be tested in a pilot plant. Investment
in a pilot plant is advised to validate the claim that no other components are formed, which could
impact the purity of the para-xylene product. Overall, however, the process in its current design
as detailed in this report proves its profitability and economic sustainability to potential
investors.
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Appendix A: US Patent No. 7,321,072 B2

Appendix B: Problem Statement

Toluene Methylation to p-Xylene
(recommended by Bruce Vrana, DuPont)
Growing demand for polyethylene terephthalate has resulted in increased demand for pXylene (PX), giving rise to the need for new sources of PX. The major source of PX is
reformate from oil refineries. Additional PX is made by toluene disproportionation, but
that process makes a mole of unwanted benzene for each mole of PX. In contrast, all of
the toluene is converted to PX in the methylation process, as shown in the following
reaction:
Toluene + MeOH à PX + H20
Your company has developed an improved catalyst for this reaction. The patent lists
examples with 99.9% selectivity and 100% conversation of methanol at short contact
times in a fixed-bed reactor. An excess of toluene is used to improve selectivity to PX,
so the unreacted toluene must be separated and recycled back to the reactor. Your group
has been assembled to develop the most economical process based on this patent.
Design a process to convert 400MM lb/yr of toluene, which is available at your plant
complex on the U.S. Gulf Coast to PX. Toluene is available on your plant site for
$2.50/gal. Methanol can be purchased for $1.00/gal. PX can be sold for $0.60/lb. All
prices are forecasts by your marketing organization for long term average prices,
expressed in 2009 dollars.
The heat of reaction is significant and the reactor design must manage the heat
appropriately. The plant design must also consider how to best reach the reaction
temperature of 440 C, both in continuous operation and during startup. Because of the
size of the plant, energy integration will be important in your design.
The catalyst must be regenerated every 6 months to remove coke that builds up on the
surface. This is done by burning it off with air. Your plant design must take this periodic
regeneration into consideration.
Your plant design should be as environmentally friendly as possible. Recover and
recycle process materials to the maximum economic extent. Also, energy consumption
should be minimized, to the extent economically justified. Your plant design must also
be controllable and safe to operate. Remember that you will be there for the start-up and
will have to live with whatever design decisions you have made.
Reference
U.S. Patent 7,321,072 to Johnson-Matthey

Appendix C: Calculations

Heat Integration:

Assuming a ∆Tmin of 50°C because we have mainly vapor-vapor or vaporizing liquid-vapor heat
exchangers with low heat transfer coefficients
This assumption avoids the heat exchangers not being able to achieve the desired change
in temperature in one heat exchanger
Please note that in some cases a ∆Tmin of 15°C was used in exchange for a larger
exchanger area
•

Reactor Effluent: The main source of heat used to pre-heat the other streams

.

−

Q = m cp ∆T
.

m eff = 3.11

kmol
s

−

cp eff = 67.169

kJ
kmol - s

∆T = 410 C
⇒ Q = 3.083 x10 8
•

kJ
hr

This is the total heat to be removed from the reactor effluent

Nitrogen Recycle (Decanter Overhead): The reactor effluent is split into two streams and
is used to pre-heat the nitrogen recycle stream

.

−

Q = m cp ∆T
.

m N 2 = 1.659

kmol
s

−

cp N 2 = 30.852

kJ
kmol - s

∆T = 355 C
⇒ Q = 6.449 x10 7
•

kJ
hr

This is the total heat to be added to the nitrogen recycle

The reactor effluent will be split so it can be used to pre-heat the nitrogen recycle and the
decanter aqueous phase:

Where the flow rate us determined by the amount of heat that needs to be added to the
nitrogen recycle
.

−

Q = m cp ∆T
Q = 6.449 x10 7
−

cp eff = 61.169

kJ
hr
kJ
kmol - s

∆T = 355 C
kmol
s
amount of heat
.

⇒ m = 0.741

•

This is flow rate of the reactor effluent needed to add the desired

Water/toluene Recycle (Decanter Aqueous Phase): The reactor effluent is split into two
streams and is used to pre-heat the water/toluene recycle stream

.

−

Q = m cp ∆T
.

m H 2 O = 1.32

kmol
s

−

cp H 2 O = 109.81

kJ
kmol - s

∆T = 130 C
kJ
This is the total heat to be added to the water/toluene recycle
hr
where the final water outlet temperature was determined by the left over reactor effluent
flow rate
⇒ Q = 1.826 x10 8

•

Para-xylene Product Stream: The hot para-xylene product stream from the distillation
column is used to pre-heat the toluene feed stream

.

−

Q = m cp ∆T
.

m xylene = 0.565
−

kmol
s

cp xylene = 219.272

kJ
kmol - s

∆T = 129 C
⇒ Q = 5.575 x10 7

kJ
hr

This is the total heat to be removed from the para-xylene

product stream
.

−

Q = m cp ∆T
.

m toluene = 0.691

kmol
s

−

cptoluene = 146.41
Q = 5.575 x10 7

⇒ T = 58 C
•

kJ
kmol - s

kJ
hr

This is outlet temperature of the toluene feed stream

Mixing the Reactor Effluent: The reactor effluent is mixed and used to pre-heat the inlet
methanol stream

A weighted-average is used to calculate Tmix
Tmix =

(120)(0.741) + (320)(2.369)
3.11

⇒ Tmix = 248 C
•

Methanol Feed Stream: The mixed reactor effluent stream is used to pre-heat the inlet
method feed stream

.

−

Q = m cp ∆T
.

m methanol = 0.69
−

kmol
s

cp methanol = 74.614

kJ
kmol - s

∆T = 175 C
⇒ Q = 5.746 x10 7

kJ
hr

This is the total heat to be added to the methanol inlet stream

•

Inter-stage Reactor Cooling: The reactor is cooled by using the already pre-heated
toluene feed stream
.

−

Q = m cp ∆T
.

m = 3.11

kmol
s

−

cp = 67.169

kJ
kmol - s

∆T = 10 C
⇒ Q = 8.272 x10 6

kJ
hr

This is the total heat to be removed from the reactor

This stream is cooled using the toluene feed values listed above where the final outlet
temperature of toluene is calculated to be 150.8°C

Heat Exchanger Sizing:
Note that the heat duty (Q) values are found above. Also note that the assumed U values were
increased as per the recommendation of Professor Fabiano. The pressure drop in exchanger side
of the heat exchanger is assumed to be 7 psig based upon the Tasc+ result for one of our heat
exchangers.

•

Reactor Effluent with Nitrogen Recycle HX 202:
Q = UA∆Tlm
∆Tlm =

.

(Th,in − Tc ,out ) − (Tc ,in − Th ,out )

mhot = 0.741
−

 (T − Tc ,out ) 
ln  h,in

 (Tc ,in − Th ,out ) 
kmol
s

cp hot = 67.169

kJ
kmol - s

∆Tlm = 54.84 C

.

mhot = 1.659
−

kmol
s

cpcold = 30.852
U = 25

kJ
kmol - s

Btu
F - ft 2 − hr

⇒ A = 9.8 x10 4 ft 2

•

This is the required heat exchanger area

Reactor Effluent with Water/toluene Recycle HX 201:
Q = UA∆Tlm
∆Tlm =

(Th,in − Tc ,out ) − (Tc ,in − Th ,out )
 (T − Tc ,out ) 
ln  h,in

 (Tc ,in − Th ,out ) 

.

mhot = 2.369

kmol
s

−

cp hot = 67.169

•

kmol
s

−

kJ
kmol - s

∆Tlm = 285.75 C
⇒ A = 5.0 x10 3 ft 2

.

mhot = 1.32

cpcold = 109.81
U = 25

kJ
kmol - s

Btu
F - ft 2 − hr

This is the heat exchanger area

Reactor Effluent with Methanol Inlet Stream HX 203:
Q = UA∆Tlm
∆Tlm =

.

(Th,in − Tc ,out ) − (Tc ,in − Th ,out )
 (T − Tc ,out ) 
ln  h,in

 (Tc ,in − Th ,out ) 

mhot = 3.11
−

kmol
s

cp hot = 67.169

kJ
kmol - s

∆Tlm = 99.34 C
⇒ A = 6.88 x10 3 ft 2

.

mhot = 0.69
−

kmol
s

cpcold = 74.614
U = 25

kJ
kmol - s

Btu
F - ft 2 − hr

This is the heat exchanger area

•

Inter-stage Reactor Cooling HX 102:
Q = UA∆Tlm
∆Tlm =

(Th,in − Tc ,out ) − (Tc ,in − Th ,out )
 (T − Tc ,out ) 
ln  h,in

 (Tc ,in − Th ,out ) 

.

mhot = 3.11

kmol
s

−

cp hot = 67.169

kJ
kmol - s

∆Tlm = 296.03 C
⇒ A = 5.89 x10 2 ft 2

.

mhot = 0.691

kmol
s

−

cpcold = 146.41
U = 25

kJ
kmol - s

Btu
F - ft 2 − hr

This is the heat exchanger area

Please see the Tasc+ results for the remaining heat exchangers. This is considered to be
our rigorous calculation. All of the heat exchangers would have been done in Tasc+;
however, the program is not currently working.

Heat Exchanger Cost Estimation:

•

Reactor Effluent with Nitrogen Recycle HX 202:
CB = exp(11.67 − 0.8709[ln( A)] + 0.090005[ln( A)]2 )
A, surface area of the heat exchanger= 98,000.00 ft2

⇒ CB= $ 770,919.19
Cp= FPFMFLCB
Fp, pressure factor = 0.98

A b
FM = a + (
)
100
FM, material factor for carbon steel shell and stainless steel tube= 1.75
FL, tube-length correction = 1

⇒ Cp= $ 1,322,126.41
With a bare module factor of 3.17 for a shell and tube heat exchanger, the bare module cost is:

⇒ CBM= $4,254,965.20
•

Reactor Effluent with Water/toluene Recycle HX 201:
CB = exp(11.67 − 0.8709[ln( A)] + 0.090005[ln( A)]2 )
A, surface area of the heat exchanger= 5,000.10 ft2

⇒ CB= $ 47,484.42
Cp= FPFMFLCB
Fp, pressure factor = 0.98

A b
FM = a + (
)
100
FM, material factor for carbon steel shell and stainless steel tube= 1.75
FL, tube-length correction = 1

⇒ Cp= $ 82,831.82
With a bare module factor of 3.17,

⇒ CBM= $ 266,575.51
•

Reactor Effluent with Methanol Inlet Stream HX 203:
CB = exp(11.67 − 0.8709[ln( A)] + 0.090005[ln( A)]2 )
A, surface area of the heat exchanger= 6876.81ft2

⇒ CB= $ 34,406.40
Cp= FPFMFLCB
Fp, pressure factor = 0.98

A b
FM = a + (
)
100
FM, material factor for carbon steel shell and stainless steel tube= 1.75
FL, tube-length correction = 1

⇒ Cp= $ 59,006.98
With a bare module factor of 3.17,

⇒ CBM= $189,900.62
•

Inter-stage Reactor Cooling HX 102:
CB = exp(11.67 − 0.8709[ln( A)] + 0.090005[ln( A)]2 )
A, surface area of the heat exchanger= 588.53 ft2

⇒ CB= $ 17,648.93
Cp= FPFMFLCB
Fp, pressure factor = 0.98

A b
FM = a + (
)
100
FM, material factor for carbon steel shell and stainless steel tube= 1.75
FL, tube-length correction = 1

⇒ Cp= $30,277.19
With a bare module factor of 3.17,

⇒ CBM= $97,440.28

Fixed Bed Reactor Pressure Drop:

•

Reynolds Number Calculation:
Re =

d p uρ
(1 − ε ) µ
d p = 250 − 850 µm = 675 µm average

ρ = 0.1374

lb
lbmol
= 3.725 x10 −3
3
ft
ft 3

µ = 0.06656

lb
ft - hr

ε = 0.48
Q = 20,800.05

Q
=u=
A

ft 3
hr

ft 3
hr = 2.586 x10 3 ft
hr
π (2.56 ft )

20,800.05

Re = 22.73
Therefore, we have transitional flow because transitional flow occurs for

10 < Re < 150
•

Modified Ergun Equation: Includes wall effects




dp
 150(1 − ε )
1.75
1 − ε  


+
f =
1 +

dp

 ε   3(1 − ε ) R   Re
1+


3(1 − ε ) R 

2

ε = 0.48
Re = 22.73
R = 2.56 ft
d p = 250 − 850 µm = 675 µm average
⇒ f = 5.601

•

Darcy-Weisbach Equation: To calculate the pressure drop from the friction factor
L ρu 2
∆p = f
D 2
ρ = 0.1374

lb
lbmol
= 3.725 x10 −3
3
ft
ft 3

u = 2.586 x10 3

ft
hr

D = 2 × 2.56 ft = 5.12 ft

L = 10.26 ft
f = 5.601
⇒ ∆p = 44.48 psig
REACTOR VESSEL
Equations
Design Specifications
In the range of operating pressures from 10 psig to 1,000 psig,
Internal design gauge pressure (psig) =

=

.

[ (

.

)]

.

[ (

)]

where Po represents the highest pressure (psig) throughout the vessel.

In the absence of corrosion, wind, and earthquake considerations and for internal pressures greater than
external pressures,
Cylindrical shell wall thickness (in) =

=

2

− 1.2

where S represents the maximum allowable stress of the shell material (lb/sq. in.) at the design
temperature, and E represents the fractional weld efficiency.

Because the reactor vessels are oriented vertically,
Average shell wall thickness (in) =

=

0.75 + 0.22

( ⁄ )

where tp is the shell thickness calculated in the absence of earthquake considerations, L represents
the length of the vessel, and Di represents the diameter of the vessel.
Weight
Using the above design specifications, the vessel’s total weight is calculated using:
Vessel weight (lb) =

=

(

+

)( + 0.8 )

where ts represents total shell thickness, tv , plus typical corrosion allowance (0.125 in.), and
represents the density of the material of construction.
Price

For vertical vessels 4,200 < W <1,000,000 lb, the price of the empty vessel including nozzles, manholes,
and supports is:
F. O. B. purchase cost ($) =

.

=

[ (

.

)]

.

[ (

)]

where W represents the vessel weight and FM is the material of construction factor.

The added cost for platforms and ladders on vertical vessels 3 < Di <21 ft and 12 < L < 40 ft is given by:
Added cost ($) = C

The purchase cost at a CE index of 500 is then:

= 285.1

Total purchase cost ($) =

=

.

.

500
(
394

where Cv is the f.o.b. purchase cost and CPL is the added cost.

+

)

The bare module cost is given by:
Bare module cost ($) = C

= 4.16(C )

where 4.16 (FBM) represents the bare module factor of vertical pressure vessels.
Starting Values
Vessel aspect ratio =

Calculated Values

=2

Vessel volume (ft ) = 105.994
Vessel length (ft) = = 10.257
Vessel diameter (ft) = = 5.129
Design temperature (°F) = 825.8
Minimum wall thickness (in) = 1.25
Highest vessel pressure (psig) = = 109.45
Maximum allowable stress (psi) = = 13,100
Weld ef iciency = = 1.00
=
= 1.7

Design pressure (psi) =
= 140.099
Cylindrical shell wall thickness (in) =
=0.330
Average shell wall thickness (in) = = 0.250
Total plate thickness (in) = = 0.375
Vessel weight(lb) =
= 2,699,740
F. O. B. purchase cost ($) =
= 1,114,030.03
Additional cost ($) =
= 9545.99
Total purchase cost ($) =
= 1,140,686.32
($) =
= 4,745255.04

*Please note vessel weight and all costs are combined estimates for two identical reactor vessels. For the
weight or price of an individual reactor, simply divide each value by two (2).

Decanter:
•

Sizing:
µ

Separation time, t, of the decanter =
A

O

µ = viscosity o f the continuous (water) phase
ρA= density of the heavier (aqueous) phase
ρO= density of the lighter (organic) phase
=

.

=

.

× 454

3.37

0.565

× .

.

× 454

× .

× 0.018

.

× 0.018

×

×
.

1
0.0283

= 0.49 ℎ = 29.5

= 973.13

= 847.48

The time that the liquid phases spend in the decanter is elongated to 35 min (0.58 hr) to
ensure that the two liquid phases have separated completely.

⇒ t = 35 min
Volume of the decanter inlet stream = 9390

To account for N2 gas, the calculated volume is doubled.

× 0.58 ℎ = 5446.20

Hence,
⇒ Volume of the decanter = 5446.20 ft3 x 2 = 10892.40 ft3
Assume the length of the tank is 5 times its diameter.
L=5D
Volume = 10,892.40 ft3 =

⇒
•

Cost:

= 20.59

L = 10,892.40 ft3 =

Pd = exp(0.60608 + 0.91615[ln( Po ) + 0.001565[ln( Po )]2 ])
P0, operating pressure = 36.75 psig
⇒ Pd,internal design pressure = 50.74 psig
tp =

PdDi
2 SE − 1.2 Pd
Di, inner diameter = 20.57 ft = 246.84 in
S, maximum allowable stress of the shell material = 15,000 psi
E, fractional weld efficiency= 0.85

⇒ tp, wall thickness to withstand the internal pressure = 0.40 in
W = π ( Di + ts )( L + 0.8 Di )tsρ

ts, shell thickness = 0.53 in
L, length = 102.89 ft = 1234.68 in
ρ, density of carbon steel = 0.284 lb/in3
⇒ W, weight = 166,602.70 lb
Cv = exp[7.0374 + 0.18244[ln(W )] + 0.02297[ln(W )]2 ]
⇒ Cv, cost of the vessel = $ 194735.82
Cpl = 1580( Di ) 0.20294
⇒ CPL, cost of platforms and ladders= $ 2670.54
Cp = FmCv + Cpl
Fm, material factor for carbon steel = 1.0
⇒ Cp, purchase cost= $197,406
⇒ CBM , bare module cost = $ 611,258
Pumps:

•

PUM-101

H=

∆P
ρ
∆P, rise in pressure = 121.56 psig
ρ, density of liquid = 7.17 lb/gal

⇒ H, pump head = 230.93 ft
S = Q (H ) 0.5
Q, volumetric flow rate = 938.854 gallons per min
⇒ S, size factor = 14267.18
CB = exp(9.2951 − 0.6019[ln( S )] + 0.0519[ln( S )]2 )
⇒ CB, bare cost= $ $3,969.91
Cp = FTFMCB
FT= 1
FM= 1.35
⇒ Cp= $ 5,440.99
•

Motor:
Pc =

QHρ
33,000ηpηm
ηp, pump fractional efficiency = 0.77
ηm, motor fractional efficiency= 0.90

⇒ Pc, power consumption = 67.92 HP
CB = exp(5.4866 + 0.13141[ln( Pc ) + 0.053255[ln( Pc )]2 + 0.028628[ln( Pc )]3 − 0.0035549[ln( Pc )]4 )
⇒ CB, base cost of the motor= $9,002.44
⇒ Cp, motor= $12,795.35
⇒ CBM,motor= $18,236.34
⇒ CBM, total (pump and motor)= $60,179.92

Cost estimations for PUM-201, 301, 302, 303, and 304 also follow the sample calculation, as
shown above.
Compressor
•

CMP-101

T o = TI +

TI[(

Po k −1
) − 1]
PI k
ηc

TI, inlet temperature = 86 F
PI, inlet pressure = 32.3 psig
Po, outlet pressure = 117.3 psig
k, heat capacity ratio = 1.42
ηC, compressor efficiency = 0.70

⇒ To ,outlet isentropic temperature = 225.58 F
CB = exp( 7.2223 + 0.80[ln( Pc)])
Pc, power consumption = 6404.26 HP

⇒ CB, bare cost of compressor and electric motor= $1,520,841.49
Cp = FDFMCB
FD , material factor of electric motor = 1.00
FM, material factor for carbon steel pump = 1.00

⇒ Cp, purchase cost = $1,520,841.49
With a bare module factor, 2.15,

⇒ CBM= $2,004,547.53

Fan
•

FAN-101

CB = exp(10.8375 − 1.12906[ln(Q )] + 0.08660[ln(Q)]2 )
Q, volumetric flow rate = 4430.4 ACFM

⇒ CB, bare cost of fan= $2005.53
Cp = FHFMCB
FH, head factor = 1.30
FM = 1.00

⇒ Cp= $ 2105.25
•

Motor associated with FAN-101:

Pc =

QHρ
33,000ηpηm
ηp, pump fractional efficiency = 0.77
ηm, motor fractional efficiency= 0.90

⇒ Pc, power consumption = 10.33 HP
⇒ Cp, including motor= $8,235.12
With a bare module factor of 2.15,

⇒ CBM= $17,975.13

Storage Tanks:

•

Para-xylene Storage Tank Size: Assume two weeks of product that needs to be stored at 1
atm and 25°C because para-xylene is a non-volatile liquid
448.01 lbmol/hr of para-xylene is to be stored corresponding to a flow rate of
Q = 885.43

ft 3
hr

The total volume for the two week storage is then
Vtan k

ft 3
hr
day
= 885.43
× 24
×7
× 2 weeks
hr
day
week

⇒ Vtan k = 297,507.168 ft 3

Assuming a

L
ratio of 2
D

4
Vtan k = 297,507.168 ft 3 = πR 3
3
⇒ R = 21 ft
⇒ H = L = 42 ft
*Note that two tanks are used to reduce the tank height
•

Para-xylene Storage Tank Cost: The cost of the storage tank is calculated using Table
16.32 in Products and Process Design Principles by Seider et al.
For a carbon-steel, 3 atm coned-roof storage tank in the range of 10,0001,000,000 gal
C p = 210V 0.51
⇒ C p = $509,210.0 0

With a bare module factor of 4.16 the bare module cost is

⇒ C BM = $2,150,572.18

•

Methanol and Toluene Storage Tanks: The size of the storage tanks is calculated exactly
as for para-xylene and the cost of the storage tanks is calculated using Table 16.32 in
Products and Process Design Principles by Seider et al.
For methanol, a product storage time of one week is used because methanol is not
readily available on the plant site. Note that methanol is volatile and so a
floating-roof storage tank is used to account for any vaporization that occurs.
For toluene, a product storage time of three days is used because toluene is readily
available on the plant site and three days is stored in case of an emergency. Note
that toluene is non-volatile so a coned-roof storage tank is used as for para-xylene.

Distillation Tower and Associated Units:

The cost of all the process units was found by using correlations from Chapter 16 of Products
and Process Design Principles by Seider et al. For all of the pressure vessels, the purchase cost,
weight, thickness, and operating pressure were calculated according to:
C P = FM CV + C PL

W = π ( Di + t s )( L + 0.8Di )t s ρ
t s = tv + tc

( L / Di ) 2 

tV = t P  0.75 + 0.22 E
Pd


tP =

Pd Di
2 SE − 1.2 Pd

Pd = exp{0.60608 + 0.01615 ln( Po ) + 0.0015655 ln( Po ) 2 }
The purchase cost of the ladders and the purchase cost of the vertical pressure vessels were
calculated according to:
C PL = 237.1( Di )0.63316 ( L) 0.80161
CV = exp{6.775 + 0.18255 ln(W ) + 0.02297 ln(W ) 2 }
For the horizontal pressure vessels, the following were used:
C PL = 1580( Di )0.20294

(

CV = exp 8.717 − 0.2330 ln(W ) + 0.04333 ln(W ) 2

)

• Distillation Column (Vertical Pressure Vessel): The column simulated using the Aspen Plus
RADFRAC subroutine consists of 53 theoretical stages. Since this number includes the
condenser and reboiler, there are in fact 51 actual tray-stages. A tray efficiency of 0.7 leads to
73 actual trays. The tray spacing was set at 20 in, giving a column height of 12 1.6 ft.
Additional spaces is allowed for the feed tray (3 ft), disengagement, space above the top tray
and reflux inlet (4 ft) and above the column bottoms (3 ft). This leads to a tower height o f
130.7 ft. The column diameter was calculated on the RADFRAC subroutine’s tray sizing
module. Using the Glitsch equation to calculate the flooding velocity, a fractional approach to
flooding of 0.8, minimum downcomer area of 0.1, a system foaming factor of 1 and an
overdesign factor of 1, the tower diameter was found to be 26.4 ft. The side weir length
is19.999 ft and the side downcomer velocity was calculated to be 0.128362 ft/s
Tray Costs
CT = N T FNT FTT FTM C BT
C BT = 369 exp(0.1739 Di )

•

Di

317.0858

NT

74

FNT

1

FTT

1

FTM

1

CBT

36,530.32

CT

2,703,244

Sump: Sump sizing correlations are sparse in the literature, but Henry Z. Kister’s Distillation
Operation, a minimum residence time of 1 minute was recommended for liquid flows
through a thermosiphon reboiler. The relevant consideration in the construction of the sump
and buffering downstream equipment from surges and the flow rate under consideration was
the bottom product flow rate. The sump width was also not to be larger than the down comer
width and a sump depth of more than 40% of the tray spacing necessitated more spacing.
A bottoms volumetric flow rate of 1 244 ft3/hr and a residence time of 1.5 min leads to a
volume of 41.491 ft3/hr. The diameter of the downcomer, calculated using the downcomer
area/column area relationship derived in the tray sizing to b e 8.36 ft, is chosen as the sump
diameter. The height is 0.76 ft (45% tray spacing).

Sump Costs
D
L
Po

8.356018 ft
0.756598 ft
8.47 psig

Pd

1.9112 psig

S
E
tP

15,000 psig
0.85
0.007516 in

tv

0.005643 in

tc

0.125 in

ts

0.130643 in

ρ
W
CV

0.284 lb/in2
1,045.05 lb
9,453.539

CPL

727.1146

•

FM

1

CP

10,180.65

Reflux Accumulator (Horizontal Pressure Vessel): The reflux accumulator is design to for a
residence time of 5 min at half full with L/D aspect ratio of 4. The volumetric reflux flow rate
is 19 089.76 ft3/hr, leading to a volume of 3 181.6 ft3 with a diameter of 10.04 ft and a length
of 40.17 ft.

•

Heat Exchangers: These areas were calculated using Aspen Plus’ Heat Exchanger Short Cut
design subroutine. The pressure drop through the condenser was assumed to be 3 psia,
according to Leonard Fabiano’s Tower Design Guidelines, while a pressure drop of 10 psia
was assumed for the reboiler.

• Condenser
Calculated Heat Duty: 75 479 885.4 Btu/hr
Actual Exchanger Area: 14 881 sq-ft
Average U: 1 49.693657 Btu/hr-sqft-R
UA: 2 227 618.76 Btu/hr-R
LMTD: 33.883664°F
•

Reboiler

Calculated Heat Duty: 152 337 943 Btu/hr
Actual Exchanger Area: 30 091.5215 sq-ft
Average U: 149.693657Btu/hr-R
UA: 4 504 509.87
LMTD: 35. 3018802°F
The thermosiphon reboiler is a U tube heat exchanger while the condenser is a fixed head heat
exchanger. Their costs were calculated using the correlations below, found in Seider, Seader and
Lewin’s Product and Process Design.
Fixed head heat exchanger

C B = exp(11.0545 − 0.9228 ln( A) + 0.09861ln( A) 2 )
U tube heat exchanger
C B = exp 11.147 − 0.9186 ln( A) + 0.09790 ln( A) 2

(

)

CP = FP FM FL C B

 A 
FM = a + 

 100

b

 P 
 P 
FP = 0.9803 + 0.018
 + 0.0017

 100 
 100 

A
CB
a

Reboiler

Condenser

30 091.52
177 162.3
0

14881
80 108.16

b
FM

0
1

P

10

FP
CP

0.982117
217 492.6

2

ft2

0
0
1
3
0.980842
98 216.76

psi

Pumps
These pumps were sized using Aspen’s pressure changer subroutine.
Fluid Power
Brake Power
Electricity
Volumetric Flow
Rate
Pressure change
NPSH available
Head developed
Pump efficiency used
Net work required

Reflux Pump Reboiler Pump
2.82107
24.04076
3.694339
28.75325
2.754868
21.4413
912.4756
2890.673
5.3
0.42836
14.91719
0.76362
3.694339

14.25714
0.013065
43.5861
0.836106
28.75325

hp
hp
kW
gpm
psi
ft-lbf/lb
ft-lbf/lb
hp

Calculation of Bare Module Cost for process equipment
Equipment

Type

Distillation Column
and internals
Reflux
Accumulator
Sump

Vertical Pressure
Vessel
Horizontal Pressure
Vessel
Vertical Pressure
Vessel
Shell and Tube HX
Shell and Tube HX
Centrifugal Pump
Centrifugal Pump

Reboiler
Condenser
Reboiler Pump
Reflux Pump

CP

FBM

CBM

2 969 970

4.16

21 354 088

29 061.06

3.05

88 636.24

10 180.65

4.16

42 351.52

259 640.8
135 388
6 701.599
3 814.92

3.17
3.17
3.4
3.4

823 061.4
429 180.1
22 785.44
12 970.73

Appendix D: Profitability Analysis

Investment Summary
Paraxylene

April, 2009

TOTAL

Bare Module Costs
Fabricated Equipment
Decanter
Distillation Column
Reactors (2)
Reflux Accumulator
HX
Fire Heater
Process Machinery
Pumps
Fan
Compressor
Sump

$253,000
$7,345,200
$4,745,300
$83,500
$2,928,900
$7,530,000
Total Fabricated Equipment: $22,885,900
$164,500
$18,000
$2,004,500
$66,600
Total Process Machinery: $2,253,500

Spares
Reactor
Storage
Storage tanks
Catalysts
B/ZSM 5

$2,372,600
Total Spares: $2,372,600
$4,946,700
Total Storage: $4,946,700
$290,600
Total Catalysts: $290,600
Total Bare Module Costs:

$32,749,000

Direct Permanent Investment
Cost of Site Preparation:
$1,637,500
Cost of Service Facilities:
$1,637,500
Allocated Costs for Utility Plants and Related Facilities:$0
Direct Permanent Investment:

$36,024,300

Total Depreciable Capital
Cost of Contigencies and Contractor Fees:

$6,484,400
Total Depreciable Capital:

$42,508,700

Total Permanent Investment
Cost of Land:
Cost of Royalties:
Cost of Plant Start-Up:

$850,200
$0
$4,250,900
Total Permanent Investment:

Working Capital
Accounts Receivable:
Cash Reservces:
Accounts Payable:
Inventory

$21,917,000
$0
$0

$47,609,700

Paraxylene
Toluene
Methanol
Water
Start Up Nitrogen
Make up nitrogen

a
a
a
a
a
a

17,047,000 lb
0 lb
0 lb
0 lb
0 lb
0 lb

Total Working Capital:

$10,227,900
$0
$0
$0
$0
$0
Total Inventory: $10,227,900
$32,144,900

Investment Summary - 2010
Paraxylene

April, 2009

TOTAL

Bare Module Costs
Fabricated Equipment
Decanter
Distillation Column
Reactors (2)
Reflux Accumulator
Fire Heater
HX

$253,000
$7,345,200
$4,745,300
$83,500
$7,530,000
$2,453,400
Total Fabricated Equipment: $22,410,400

Total Bare Module Costs:

$22,410,400

Direct Permanent Investment
Cost of Site Preparation:
$1,116,500
Cost of Service Facilities:
$1,116,500
Allocated Costs for Utility Plants and Related Facilities:$0
Direct Permanent Investment:

$24,562,600

Total Depreciable Capital
Cost of Contigencies and Contractor Fees:

$4,421,300
Total Depreciable Capital:

$28,983,800

Total Permanent Investment
Cost of Land:
Cost of Royalties:
Cost of Plant Start-Up:

$579,700
$0
$2,898,400
Total Permanent Investment in 2010:

$32,461,900

Investment Summary - 2011
Paraxylene

April, 2009

TOTAL

Bare Module Costs
Fabricated Equipment
HX

Process Machinery
Pumps
Fan
Compressor
Sump

Storage
Storage tanks

Catalysts
B/ZSM 5

$2,928,900
Total Fabricated Equipment: $2,928,900

$164,500
$18,000
$2,004,500
$66,600
Total Process Machinery: $2,253,600

$4,946,700
Total Storage: $4,946,700

$290,600
Total Catalysts: $290,600

Total Bare Module Costs:

$10,419,800

Direct Permanent Investment
Cost of Site Preparation:
$521,000
Cost of Service Facilities:
$521,000
Allocated Costs for Utility Plants and Related Facilities:$0
Direct Permanent Investment:

$11,461,800

Total Depreciable Capital
Cost of Contigencies and Contractor Fees:

$2,063,100
Total Depreciable Capital:

Total Permanent Investment
Cost of Land:
Cost of Royalties:
Cost of Plant Start-Up:

$270,500
$0
$1,352,500

$13,524,900

Total Permanent Investment in 2011:

$15,147,900

Variable Cost Summary
Paraxylene

April, 2009

Per lb Paraxylene

TOTAL

Raw Materials
Toluene
Methanol
Water
Start Up Nitrogen
Make up nitrogen
Total Raw Materials:

$0.3104 per lb of Paraxylene
$0.0720 per lb of Paraxylene
$1.3404E-03 per lb of Paraxylene
$9.4710E-04 per lb of Paraxylene
$8.2656E-03 per lb of Paraxylene
$0.3930 per lb of Paraxylene

$138,589,500
$32,158,400
$598,400
$422,800
$3,690,200
$175,459,400

$175,459,400

Cooling Water
Electricity
Moderate Pressure Steam
Coal
Waste Water Treatment
Total Utilities:

$7.7724E-04 per lb of Paraxylene
$3.4920E-03 per lb of Paraxylene
$0.0125 per lb of Paraxylene
$1.9110E-03 per lb of Paraxylene
$2.8100E-03 per lb of Paraxylene
$0.0215 per lb of Paraxylene

$347,000
$1,559,000
$5,589,700
$853,200
$1,254,500
$9,603,400

$185,062,800

-$2.9760E-02 per lb of Paraxylene
-$2.9760E-02 per lb of Paraxylene

-$13,286,590
-$13,286,590

$171,776,210

$0.0180 per lb of Paraxylene
$0.0288 per lb of Paraxylene
$3.0000E-03 per lb of Paraxylene
$0.0120 per lb of Paraxylene
$7.5000E-03 per lb of Paraxylene
$0.0693 per lb of Paraxylene

$8,036,200
$12,858,000
$1,339,400
$5,357,500
$3,348,400
$30,939,500

$202,715,710

$0.4541 per lb of Paraxylene

$202,715,800

$202,715,800

Utilties

Byproducts
Steam (150 psig)
Total Byproducts:

General Expenses
Selling / Transfer:
Direct Research:
Allocated Research:
Administrative Expense:
Management Incentives:
Total General Expenses:
TOTAL

Fixed Cost Summary
Paraxylene

April, 2009

TOTAL

Operations
Direct Wages and Benefits:
Direct Salaries and Benefits:
Operating Supplies and Services:
Technical Assistance to Manufacturing:
Control Laboratory:
Total Operations:

$728,000
$109,200
$43,680
$0
$0
$880,880

$880,880

Maintenance
Wages and Benefits:
Salaries and Benefits:
Materials and Services:
Maintenance Overhead:

$1,912,892
$478,223
$1,912,892
$95,645
Total Maintenance: $4,399,652

$5,280,532

Operating Overhead
General Plant Overhead:
Mechanical Department Services:
Employee Relations Department:
Business Services:
Total Operating Overhead:

$229,210
$77,480
$190,471
$238,895
$736,056

$6,016,588

Property Insurance and Taxes:
$850,174
Total Property Insurance and Taxes: $850,174

$6,866,762

Property Insurance and Taxes

Other Annual Expenses
Rent:
Annual Licensing Fees:
Miscellaneous:
Total Other Annual Expenses:
TOTAL

$0
$0
$0
$0

$6,866,762
$6,866,762

Cash Flow Summary
Paraxylene

April, 2009
Year

Percentage
of Design
Capacity

Sales

2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026

0.0%
0.0%
0.0%
45.0%
67.5%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%
90.0%

Design
Construction
Construction
$120,543,700
$180,815,500
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300
$241,087,300

Capital Costs Working Capital Variable Costs
$0
-$32,461,900
-$15,147,900
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0

-$15,561,100
-$7,780,500
-$7,780,500

$31,122,200

-$91,222,100
-$136,833,100
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200
-$182,444,200

Fixed Costs

-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800
-$6,866,800

Depreciation
Allowance

$8,501,741
$13,602,785
$8,161,671
$4,897,003
$4,897,003
$2,448,501

Depletion
Allowance

$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0

Taxable Income

$30,956,541
$50,718,385
$59,937,971
$56,673,303
$56,673,303
$54,224,801
$51,776,300
$51,776,300
$51,776,300
$51,776,300
$51,776,300
$51,776,300
$51,776,300
$51,776,300
$51,776,300

Income Tax
Costs

-$11,453,900
-$18,765,800
-$22,177,000
-$20,969,100
-$20,969,100
-$20,063,200
-$19,157,200
-$19,157,200
-$19,157,200
-$19,157,200
-$19,157,200
-$19,157,200
-$19,157,200
-$19,157,200
-$19,157,200

Net Earnings

$19,502,641
$31,952,585
$37,760,971
$35,704,203
$35,704,203
$34,161,601
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100

Annual Cash
Flow

Cumulative Net
Present Value
at 15.0%

$0
-$32,461,900
-$30,709,000
$3,220,400
$10,569,300
$29,599,300
$30,807,200
$30,807,200
$31,713,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$32,619,100
$63,741,300

$0
-$28,227,700
-$51,448,100
-$49,330,600
-$43,287,600
-$28,571,500
-$15,252,700
-$3,671,100
$6,696,000
$15,968,400
$24,031,300
$31,042,600
$37,139,300
$42,440,800
$47,050,800
$51,059,500
$54,545,300
$60,468,500

April, 2009

Profitability Measures
Paraxylene

The Investor's Rate of Return (IRR) for this Project is: 28.80%
The Net Present Value (NPV) at 15% for this Project is: $60,468,500

Appendix E: ASPEN Plus Results
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ASPEN SPLIT ANALYSIS
AZEOTROPE SEARCH REPORT
Physical Property Model: NRTL

Valid Phase: VAP-LIQ-LIQ

Mixture Investigated For Azeotropes At A Pressure Of 3 ATM
Comp ID
WATER
TOLUENE
P-XYLENE

Component Name
WATER
TOLUENE
P-XYLENE

Classification
Stable Node
Saddle
Stable Node

Temperature
273.28 F
309.91 F
364.74 F

2 Azeotropes Sorted by Temperature
Number Of Components: 2
Heterogeneous

Temperature 243.81 F
Classification: Unstable Node
MOLE BASIS
MASS BASIS

01
WATER
TOLUENE

Number Of Components: 2
Heterogeneous

0.6027
0.3973

0.2288
0.7712

Temperature 257.50 F
Classification: Saddle
MOLE BASIS
MASS BASIS

02
WATER
P-XYLENE

0.7689
0.2311

0.3608
0.6392

©2001 Aspen Technology, Inc., Ten Canal Park, Cambridge, Massachusetts 02141-2200 USA Tel: 617.949.1000

file://S:\Senior Design\AzeotropeReport.htm

4/5/2009

Distillation Column Stream Summary.txt
BOTTOMS FEED H2OPHASE LIQ2 LIQUID
--------------------------------STREAM ID
FROM :
TO
:
SUBSTREAM: MIXED
PHASE:
COMPONENTS: LBMOL/HR
NITROGEN
WATER
TOLUENE
P-XYLENE
M-XYLENE
O-XYLENE
TOTAL FLOW:
LBMOL/HR
LB/HR
CUFT/HR
STATE VARIABLES:
TEMP
F
PRES
PSIA
VFRAC
LFRAC
SFRAC
ENTHALPY:
BTU/LBMOL
BTU/LB
BTU/HR
ENTROPY:
BTU/LBMOL-R
BTU/LB-R
DENSITY:
LBMOL/CUFT
LB/CUFT
AVG MW

BOTTOMS
B1
----

FEED
---B1

H2OPHASE
-------

LIQ2
B1
----

LIQUID
B1
----

LIQUID

LIQUID

MISSING

MISSING

LIQUID

4.2412-22
5.1660-22
0.1902
530.9704
0.4184
0.1608

10.7529
19.7161
3494.4340
531.0375
0.4225
0.1608

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

1.2220
15.2988
3483.5186
6.7064-02
4.0828-03
2.3823-06

531.7397
5.6451+04
1246.8698

4056.5237
3.7908+05
7164.4135

0.0
0.0
0.0

0.0
0.0
0.0

3500.1105
3.2129+05
6440.9143

330.2468
28.9571
0.0
1.0000
0.0

108.0000
44.0900
0.0
1.0000
0.0

MISSING
20.0000
MISSING
MISSING
MISSING

MISSING
MISSING
MISSING
MISSING
MISSING

200.0179
20.0000
0.0
1.0000
0.0

2470.6967
23.2728
1.3138+06

3769.9491
40.3425
1.5293+07

MISSING
MISSING
MISSING

MISSING
MISSING
MISSING

9688.7350
105.5482
3.3912+07

-88.5436
-0.8340

-81.6248
-0.8735

MISSING
MISSING

MISSING
MISSING

-73.0566
-0.7959

0.4265
45.2740
106.1624

0.5662
52.9110
93.4485

MISSING
MISSING
MISSING

MISSING
MISSING
MISSING

0.5434
49.8828
91.7944

TOLPHASE VAPOUR
--------------STREAM ID
FROM :
TO
:
SUBSTREAM: MIXED
PHASE:
COMPONENTS: LBMOL/HR
NITROGEN
WATER
TOLUENE
P-XYLENE
M-XYLENE
O-XYLENE
TOTAL FLOW:
LBMOL/HR
LB/HR
CUFT/HR
STATE VARIABLES:
TEMP
F
PRES
PSIA
VFRAC

TOLPHASE
-------

VAPOUR
B1
----

LIQUID

VAPOR

1.2220
15.2989
3483.5146
1.7913-02
6.9703-03
1.8358-07

9.5309
4.4173
10.7252
8.3161-05
6.4291-06
2.5550-09

3500.0604
3.2129+05
6440.7257

24.6735
1334.8108
8733.6485

200.0000
20.0000
0.0

200.0179
20.0000
1.0000
Page 1

LFRAC
SFRAC
ENTHALPY:
BTU/LBMOL
BTU/LB
BTU/HR
ENTROPY:
BTU/LBMOL-R
BTU/LB-R
DENSITY:
LBMOL/CUFT
LB/CUFT
AVG MW

Distillation Column Stream Summary.txt
1.0000
0.0
0.0
0.0
9688.1240 -7226.8276
105.5418 -133.5853
3.3909+07 -1.7831+05
-73.0577
-0.7959

-22.1693
-0.4098

0.5434
49.8834
91.7942

2.8251-03
0.1528
54.0990
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Decanter Stream Summary
IN ORGANIC VAPOR WATER
---------------------STREAM ID
FROM :
TO
:

IN
---B1

SUBSTREAM: MIXED
PHASE:
MIXED
COMPONENTS: LBMOL/HR
NITROGEN
1.3167+04
WATER
7132.0700
TOLUENE
3840.3500
P-XYLENE
548.0720
O-XYLENE
0.1650
M-XYLENE
0.4390
TOTAL FLOW:
LBMOL/HR
2.4688+04
LB/HR
9.0944+05
CUFT/HR
1.8531+06
STATE VARIABLES:
TEMP
F
90.0000
PRES
PSIA
44.0878
VFRAC
0.5584
LFRAC
0.4416
SFRAC
0.0
ENTHALPY:
BTU/LBMOL
-3.3888+04
BTU/LB
-919.9448
BTU/HR
-8.3663+08
ENTROPY:
BTU/LBMOL-R
-26.0053
BTU/LB-R
-0.7060
DENSITY:
LBMOL/CUFT
1.3323-02
LB/CUFT
0.4908
AVG MW
36.8374
MIXED

ORGANIC
B1
----

VAPOR
B1
----

WATER
B1
----

LIQUID

VAPOR

LIQUID

12.5795
20.9186
3524.3066
532.4690
0.1611
0.4238

1.3134+04
352.0430
315.0614
15.5572
3.8663-03
1.5113-02

20.0767
6759.1485
0.9473
4.0527-02
1.4690-05
3.8443-05

4090.8585
3.8205+05
7234.4798

1.3817+04
4.0496+05
1.6451+06

6780.2131
1.2242+05
2014.1409

111.0110
51.4358
0.0
1.0000
0.0

111.0110
51.4358
1.0000
0.0
0.0

111.0110
51.4358
0.0
1.0000
0.0

3866.1110 -1895.1093 -1.2187+05
41.3966
-64.6594 -6749.3688
1.5816+07 -2.6185+07 -8.2627+08
-81.3553
-0.8711

-3.2417
-0.1106

-37.7196
-2.0891

0.5655
52.8101
93.3920

8.3988-03
0.2462
29.3091

3.3663
60.7812
18.0558

845.9367

3.9431

973.6219

SUBSTREAM PROPERTIES:

*** ALL PHASES
RHOMX
KG/CUM

***
7.8614

Page 1

Decanter block sum-1
BLOCK: B1
MODEL: Decanter
-----------------------------INLET STREAM:
IN
OUTLET VAPOR STREAM:
VAPOR
FIRST LIQUID OUTLET:
ORGANIC
SECOND LIQUID OUTLET: WATER
PROPERTY OPTION SET:
NRTL
***
TOTAL BALANCE
MOLE(LBMOL/HR)
MASS(LB/HR
)
ENTHALPY(BTU/HR

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN

)

24688.0
909440.
-0.836635E+09

*** INPUT DATA
THREE PHASE PQ FLASH
SPECIFIED PRESSURE
PSIA
SPECIFIED HEAT DUTY
BTU/HR
MAXIMUM NO. ITERATIONS
CONVERGENCE TOLERANCE
KEY COMPONENT:
WATER
KEY LIQUID STREAM:
WATER
***
OUTLET TEMPERATURE
F
OUTLET PRESSURE
PSIA
VAPOR FRACTION
1ST LIQUID/TOTAL LIQUID

RESULTS

***
OUT

RELATIVE DIFF.

24688.0
909437.
-0.836640E+09

0.147358E-15
0.334530E-05
0.630314E-05

***
51.4358
0.0
30
0.000100000

***
111.01
51.436
0.55966
0.37631

V-L1-L2 PHASE EQUILIBRIUM :
COMP
NITROGEN
WATER
TOLUENE
P-XYLENE
O-XYLENE
M-XYLENE

F(I)
0.533
0.289
0.156
0.222E-01
0.668E-05
0.178E-04

X1(I)
0.308E-02
0.511E-02
0.862
0.130
0.394E-04
0.104E-03

X2(I)
0.296E-02
0.997
0.140E-03
0.598E-05
0.217E-08
0.567E-08

Page 1

Y(I)
0.951
0.255E-01
0.228E-01
0.113E-02
0.280E-06
0.109E-05

K1(I)
K2(I)
309.
321.
4.98
0.256E-01
0.265E-01 163.
0.865E-02 188.
0.710E-02 129.
0.106E-01 193.

Appendix F: MSDS

Material Safety Data Sheet
Revision Issued: 6/09/98

Supercedes: 9/17/97

First Issued: 4/10/89

Section I - Chemical Product And Company Identification

Product Name: Xylene
CAS Number: 1330-20-7

HBCC MSDS No. CX01000

1675 No. Main Street, Orange, California 92867
Telephone No: 714-998-8800 | Outside Calif: 800-821-7234 | Chemtrec: 800-424-9300
Section II - Composition/Information On Ingredients
Exposure Limits (TWAs) in Air
Chemical Name

CAS Number

%

ACGIH TLV

OSHA PEL

STEL

Xylene

1330-20-7

79-82

100 ppm

100 ppm

150 ppm

435 mg/m³

435 mg/m³

100 ppm

100 ppm

435 mg/m³

435 mg/m³

50 ppm

50 ppm

Ethylbenzene
Toluene

100-41-4
108-88-3

18-20
<1

125 ppm
150 ppm

Section III - Hazard Identification
Ingestion: Liquid ingestion may result in vomiting; aspiration (breathing) of vomitus into the lungs must be avoided as even
small quantities in the lungs may result in chemical pneumonitis and pulmonary edema/hemorrhage.
Inhalation: High vapor/aerosol concentrations (greater than approximately 1000 ppm) are irritating to the respiratory tract,
may cause headaches, dizziness, anesthesia, drowsiness, unconsciousness, and other central nervous system effects,
including death. Negligible hazard at ambient temperature (-18 to 38 Deg C; 0 to 100 Deg F)
Skin: Prolonged and repeated liquid contact can cause defatting and drying of the skin which may result in skin irritation and
dermatitis.
Eyes: Short-term liquid or vapor contact may result in slight eye irritation. Prolonged and repeated contact may be more
irritating. High vapor/aerosol concentrations (greater than approximately 1000 ppm) are irritating to the eyes.
Summary of Chronic Health Hazards: N/A
Signs and Symptoms of Exposure: Prolonged or repeated skin contact with this product tends to remove oils possibly
leading to irritation and dermatitis; however, based on human experience and available toxicological data, this product is
judged to be neither a "corrosive" nor an "irritant" by OSHA criteria.
Effects of Overexposure: High vapor concentration (greater than approximately 1000 ppm) are irritating to the eyes and
the respiratory tract, may cause headaches and dizziness, are anesthetic, and may have other central nervous system effects
including death.
Medical Conditions Generally Aggravated by Exposure: Petroleum Solvents/Petroleum Hydrocarbons - Skin contact
may aggravate an existing dermatitis.
Note to Physicians: If more than 2.0 ml per kg has been ingested and vomiting has not occurred, emesis should be induced
with supervision. Keep victim's head below hips to prevent aspiration. If symptoms such as loss of gag reflex, convulsions or
unconsciousness occur before emesis, gastric lavage using a cuffed endotracheal tube should be considered. Inhalation of
high concentrations of this material, as could incur in enclosed spaces or during deliberate abuse, may be associated with

cardiac arrhythmias. Sympathomimetic may initiate cardiac arrhythmias in persons exposed to this material. This material is
an aspiration hazard. Potential danger from aspiration must be weighed against possible oral toxicity when deciding whether
to induce vomiting. Preexisting disorders of the following organs (or organ systems) may be aggravated by exposure to this
material: skin, lung (for example, asthma-like conditions), kidney, auditory system. Individuals with preexisting heart
disorders may be mre susceptible to arrhythmias (irregular heartbeats) if exposed to high concentrations of this material.
Section IV - First Aid Measures
Ingestion: If individual is drowsy or unconscious, do not give anyhting by mouth; place individual on the left side with the
head down. Contact a physician, medical facility, or poison control center for advice about whether to induce vomiting. If
possible, do not leave individual unattended. GET MEDICAL ATTENTION IMMEDIATELY.
Inhalation: Remove victim to fresh air and provide oxygen if breathing is difficult. Give artificial respiration if not breathing.
GET MEDICAL ATTENTION IMMEDIATELY.
Skin: Wash with soap and water. Remove contaminated clothing and shoes; do not reuse until cleaned. If persistent irritation
occurs, GET MEDICAL ATTENTION IMMEDIATELY.
Eyes: If splashed into eyes, flush with water for 15 minutes while holding eyelids open or until irritation subsides. If irritation
persists, GET MEDICAL ATTENTION IMMEDIATELY.
Section V - Fire Fighting Measures
Flash Point: 80°F (26.6°C)
Autoignition Temperature: 980°F (526.6°C)
Lower Explosive Limit: 1%
Upper Explosive Limit: 6.6%
Unusual Fire and Explosion Hazards: Vapors are heavier than air and may accumulate in low areas and may travel
along the ground or may be moved by ventilation and ignited by pilot lights, other flames, sparks, heaters, smoking, electric
motors, static discharge, or other ignition sources at locations distant from handling point. Flashback of flame to the handling
site may occur. Never use welding or cutting torch on or near drum (even empty) because product (even just residue) can
ignite explosively. The following may form: carbon dioxide, and carbon monoxide, and various hydrocarbons.
Extinguishing Media: Use water fog, foam, dry chemical or CO2. Do not use a direct stream of water. Product will float
and can be reignited on surface of water.
Special Firefighting Procedures: Evacuate hazard area of unprotected personnel. Wear proper protective clothing
including a NIOSH approved self-contained breathing apparatus. Cool fire-exposed containers with water. In the case of
large fires, also cool surrounding equipment and structures with water. If a leak or spill has not ignited, use water spray to
disperse the vapors.
Section VI - Accidental Release Measures
[Spills may need to be reported to the National Response Center (800/424-8802) CERCLA Reportable Quantity
(RQ) is 1000 pounds]. Shut off and eliminate all ignition sources. Keep people away. Recover by pumping (use an
explosion proof or hand pump) or with a suitable absorbent such as sand, earth or other suitable absorbent to spill area. Do
not use combustible materials such as sawdust. Minimize breathing vapors. Minimize skin contact. Ventilate confined spaces.
Open all windows and doors. Keep product out of sewers and watercourses by diking or impounding. Advise authorities if
product has entered or may enter sewers, watercourses, or extensive land areas.
Section VII - Handling and Storage
Keep away from heat, sparks and open flames. Keep containers tightly closed. Store away from strong oxidizing agents in a
cool, dry place with adequate explosion-proof ventilation. Ground equipment to prevent accumulation of static charge. If
pouring or transferring materials, containers must be bonded and grounded.
Other Precautions: Do Not weld, heat or drill on or near container; even emptied containers can contain explosive vapors.
Section VIII - Exposure Controls/Personal Protection
Respiratory Protection: Use either an atmosphere-supplying respirator or an air-purifying respirator in confined or
enclosed spaces for organic vapors, if needed.
Ventilation: Use only with ventilation sufficient to prevent exceeding recommended exposure limit or buildup of explosive
concentrations of vapor in air. Use explosion-proof equipment.
Protective Clothing: Use chemical-resistant apron or other impervious clothing, if needed, to avoid contaminating regular

clothing which could result in prolonged or repeated skin contact.
Eye Protection: Use chemical splash goggles or face shield when eye contact may occur.
Other Protective Clothing or Equipment: Use chemical-resistant gloves, if needed, to avoid prolonged or repeated skin
contact.
Work/Hygienic Practices: Minimize breathing vapor or mist. Avoid prolonged or repeated contact with skin. Remove
contaminated clothing; launder or dry-clean before reuse. Remove contaminated shoes and thoroughly clean and dry before
reuse. Cleanse skin thoroughly after contact, before breaks and meals, and at end of work period. Product is readily
removed from skin by waterless hand cleaners followed by washing thoroughly with soap and water.
Section IX - Physical and Chemical Properties
Physical State: Liquid
Melting Point/Range: N/A
Appearance/Color/Odor: Colorless, light aromatic odor
Solubility in Water: Less than 0.08%
Specific Gravity(Water=1): 0.87
Vapor Density(Air=1): 3.7
How to detect this compound : N/A
Odor Threshold: 0.5 ppm

pH: N/A
Boiling Point/Range: 279°F (137.2°C)
Vapor Pressure(mmHg): 2.4 @ 68°F
Molecular Weight: 106
% Volatiles: 100
Evaporation Rate, n-BuAcetate=1: 0.86
Freezing Point: -54.0°F (-47.7°C)

Section X - Stability and Reactivity
Stability: Stable
Hazardous Polymerization: Will Not Occur
Conditions to Avoid: Avoid heat, sparks, and open flames.
Materials to Avoid: Strong oxidizing agents, concentrated nitric and sulfuric acids, and molten sulphur. Temperatures
above ambient.
Hazardous Decomposition Products: Fumes, smoke, carbon monoxide, aldehydes, various hydrocarbons, and other
organic compounds may be formed during combustion.
Section XI - Toxicological Information
N/A
Section XII - Ecological Information
N/A
Section XIII - Disposal Considerations
Use non-leaking containers, seal tightly and label properly. Dispose of in accordance with applicable local, county, state and
federal regulations.
Section XIV - Transport Information
DOT Proper Shipping Name: Xylene
DOT Hazard Class/ I.D. No.: 3, UN1307, III
Section XV - Regulatory Information
CALIFORNIA PROPOSITION 65: WARNING
This product contains the following substance known to the state of California to cause cancer: Benzene
This product contains the following substance known to the state of California to cause birth defects: Toluene
Reportable Quantity: 1000 Pounds (454 Kilograms) (139.50 Gals)
NFPA Rating: Health - 2; Fire - 3; Reactivity - 0
0=Insignificant 1=Slight 2=Moderate 3=High 4=Extreme
Carcinogenicity Lists: No NTP: No IARC Monograph: No OSHA Regulated: Yes

Section 313 Supplier Notification: This product contains the following toxic chemcial(s) subject to the reporting
requirements of SARA TITLE III Section 313 of the Emergency Planning and Community Right-To Know Act of 1986
and of 40 CFR 372:
CAS #
Chemical Name
% By Weight
1330-20-7
Xylene
79-82%
100-41-1
Ethylbenzene
18-20%
108-88-3
Toluene
< 1%
Section XVI - Other Information
Synonyms/Common Names: Xylol; Dimethyl Benzene; Methyl Toluene
Chemical Family/Type: Aromatic Hydrocarbon
IMPORTANT! Read this MSDS before use or disposal of this product. Pass along the information to employees and any
other persons who could be exposed to the product to be sure that they are aware of the information before use or other
exposure. This MSDS has been prepared according to the OSHA Hazard Communication Standard [29 CFR
1910.1200]. The MSDS information is based on sources believed to be reliable. However, since data, safety standards,
and government regulations are subject to change and the conditions of handling and use, or misuse are beyond our control,
Hill Brothers Chemical Company makes no warranty, either expressed or implied, with respect to the completeness or
continuing accuracy of the information contained herein and disclaims all liability for reliance thereon. Also, additional
information may be necessary or helpful for specific conditions and circumstances of use. It is the user's responsibility to
determine the suitability of this product and to evaluate risks prior to use, and then to exercise appropriate precautions for
protection of employees and others.

Methanol

MATERIAL SAFETY DATA SHEET
This Material Safety Data Sheet complies with the Canadian Controlled Product
Regulations and the United States Occupational Safety and Health Administration (OSHA)
hazard communication standard.

1. Product and Supplier Identification
Product:
Synonyms:

Product Use:
Company
Identification:

Importer:

Methanol (CH3OH)

Non-Emergency Tel. #:

(604) 661-2600

Methyl alcohol, methyl
hydrate, wood spirit, methyl
hydroxide

Emergency Tel. #:
(CHEMTREC)

1-800-424-9300
(Canada and US)

Solvent, fuel, feedstock
Note: CHEMTREC number to be used only in
the event of chemical emergencies involving a
spill, leak, fire, exposure or accident involving
chemicals.

Methanex Corporation,
1800 Waterfront Centre,
200 Burrard Street,
Vancouver, B.C.
V6C 3M1

Methanex Methanol Company
Suite 1150 – 15301 Dallas Parkway
Addison, Texas 75001
Telephone: (972) 702-0909

2. Composition
Component

% (w/w)

Exposure Limits*

LD50

Methanol

99-100

ACGIH TLV-TWA: 200 ppm, skin
STEL: 250 ppm, skin notation
OSHA PEL: 200 ppm

5628 mg/kg

64000 ppm

(oral/rat)

(inhalation/rat)

TLV Basis, critical effects:
neuropathy, vision, central
nervous system

20 ml/kg

(CAS 67-56-1)

LC50

(dermal/
rabbit)

* Exposure limits may vary from time to time and from one jurisdiction to another. Check with
local regulatory agency for the exposure limits in your area.
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3. Hazards Identification
Routes of Entry:
Skin Contact: Moderate Eye Contact: Moderate Ingestion: Major

Inhalation: Major

Effects of Short-Term (Acute) Exposure:
Inhalation: Inhalation of high airborne concentrations can also irriate mucous membranes, cause
headaches, sleepiness, nausea, confusion, loss of consciousness, digestive and visual
disturbances and even death. NOTE: Odour threshhold of methanol is several times higher than
the TLV-TWA. Depending upon severity of poisoning and the promptness of treatment, survivors
may recover completely or may have permanent blindness, vision disturbances and/or nervous
system effects. Concentrations in air exceeding 1000 ppm may cause irritation of the mucous
membranes.
Skin Contact: Methanol is moderately irritating to the skin. Methanol can be absorbed through
the skin and harmful effects have been reported by this route of entry. Effects are simialr to those
described in “Inhalation”
Eye Contact: Methanol is a mild to moderate eye irritant. High vapour concentration or liquid
contact with eyes causes irritation, tearing and burning.
Ingestion: Swallowing even small amounts of methanol could potentially cause blindness or
death. Effects of sub lethal doses may be nausea, headache, abdominal pain, vomiting and visual
disturbances ranging from blurred vision to light sensitivity.
Effects of Long-Term (Chronic) Exposure: Repeated exposure by inhalation or absorption may
cause systemic poisoning, brain disorders, impaired vision and blindness. Inhalation may worsen
conditions such as emphysema or bronchitis. Repeated skin contact may cause dermal irritation,
dryness and cracking.
Medical Conditions Aggravated By Exposure: Emphysema or bronchitis.

4. First Aid Measures
Note: Emergency assistance may also be available from the local poison control centre.
Eye Contact: Remove contact lenses if worn. In case of contact, immediately flush eyes with
plenty of clean running water for at least 15 minutes, lifting the upper and lower eyelids
occasionally. Obtain medical attention.
Skin Contact: In case of contact, remove contaminated clothing. In a shower, wash affected
areas with soap and water for at least 15 minutes. Seek medical attention if irritation occurs or
persists. Wash clothing before reuse.
Inhalation: Remove to fresh air, restore or assist breathing if necessary. Obtain medical
attention.
Ingestion: Swallowing methanol is potentially life threatening. Onset of symptoms may be
delayed for 18 to 24 hours after digestion. If conscious and medical aid is not immediately

Methanex Corporation

-2-

October 13, 2005

Methanol

available, do not induce vomiting. In actual or suspected cases of ingestion, transport to medical
facility immediately.
NOTE TO PHYSICIAN: Acute exposure to methanol, either through ingestion or breathing high
airborne concentrations can result in symptoms appearing between 40 minutes and 72 hours
after exposure. Symptoms and signs are usually limited to CNS, eyes and gastrointestinal tract.
Because of the initial CNS’s effects of headache, vertigo, lethargy and confusion, there may be
an impression of ethanol intoxication. Blurred vision, decreased acuity and photophobia are
common complaints. Treatment with ipecac or lavage is indicated in any patient presenting within
two hours of ingestion. A profound metabolic acidosis occurs in severe poisoning and serum
bicarbonate levels are a more accurate measure of severity than serum methanol levels.
Treatment protocols are available from most major hospitals and early collaboration with
appropriate hospitals is recommended.

5. Fire Fighting Measures

Lower Explosive Limit:
Upper Explosion Limit:
Sensitivity to Impact:

11oC (TCC)
385 oC (NFPA 1978), 470 oC (Kirk-Othmer 1981;
Ullmann 1975)
6% (NFPA, 1978)
36% (NFPA, 1978), 36.5% (Ullmann, 1975)
Low

Sensitivity to Static Discharge:

Low

Flash point:
Autoignition temperature:

Hazardous Combustion Products:

Toxic gases and vapours; oxides of carbon and
formaldehyde.
Extinguishing Media: Small fires: Dry chemical, CO2, water spray
Large fires: Water spray, AFFF(R) (Aqueous Film Forming Foam (alcohol
resistant)) type with either a 3% or 6% foam proportioning system.
Fire Fighting Instructions: Methanol burns with a clean clear flame that is almost invisible in
daylight. Stay upwind! Isolate and restrict area access. Concentrations of greater that 25%
methanol in water can be ignited. Use fine water spray or fog to control fire spread and cool
adjacent structures or containers. Contain fire control water for later disposal. Fire fighters must
wear full face, positive pressure, self-contained breathing apparatus or airline and appropriate
protective clothing. Protective fire fighting structural clothing is not effective protection from
methanol. Do not walk through spilled product.
NATIONAL FIRE PROTECTION ASSOCIATION (NFPA) HAZARD INDEX:
HEALTH: 1
FLAMMABILITY: 3
REACTIVITY: 0

6. Accidental Release Measures
Overview: Flammable liquid which can burn without a visible flame. Release can cause an
immediate risk of fire and explosion. Eliminate all ignition sources, stop leak and use absorbent
materials. If necessary, contain spill by diking. Fluorocarbon alcohol resistant foams may be
applied to spill to diminish vapour and fire hazard. Maximize methanol recovery for recycling or
re-use. Restrict access to area until completion of cleanup. Ensure cleanup is conducted by
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trained personnel only. Wear adequate personal protection and remove all sources of ignition.
Notify all governmental agencies as required by law.
Personal Protection: Full face, positive pressure self-contained breathing apparatus or airline,
and protective clothing must be worn. Protective fire fighting structural clothing is not effective
protection from methanol.
Environmental Precautions: Biodegrades easily in water Methanol in fresh or salt water may
have serious effects on aquatic life. A study on methanol’s toxic efffects on sewage sludge
bacteria reported little effect on digestion at 0.1% while 0.5% methanol retarded digestion.
Methanol will be broken down to carbon dioxide and water.
Remedial Measures: Flammable liquid. Release can cause an immediate fire/explosion hazard.
Eliminate all sources of ignition, stop leak and use absorbent materials. Collect liquid with
explosion proof pumps. Do not walk through spill product as it may be on fire and not visible.
Large Spills: If necessary, contain spill by diking. Fluorocarbon alcohol resistant foams may be
applied to spill to diminish vapour and fire hazard. Maximize methanol recovery for recycling or
reuse. Collect liquid with explosion proof pumps.
Small Spills: Soak up spill with non-combustible absorbent material. Recover methanol and dilute
with water to reduce fire hazard. Prevent spilled methanol from entering sewers, confined spaces,
drains, or waterways. Restict access to unprotected personnel. Full. Put material in suitable,
covered, labeled containers. Flush area with water.

7. Handling and Storage
Handling Procedures: No smoking or open flame in storage, use or handling areas. Use
explosion proof electrical equipment. Ensure proper electrical grouding procedures are in place.
Storage: Store in totally enclosed equipment, designed to avoid ignition and human contact.
Tanks must be grounded, vented, and should have vapour emission controls. Tanks must be
diked. Avoid storage with incompatible materials. Anhydrous methanol is non-corrosive to most
metals at ambient temperatures except for lead, nickel, monel, cast iron and high silicon iron.
Coatings of copper (or copper alloys), zinc (including galvanized steel), or aluminum are
unsuitable for storage. These materials may be attacked slowly by the methanol. Storage tanks of
welded construction are normally satisfactory. They should be designed and built in conformance
with good engineering practice for the material being stored. While plastics can be used for short
term storage, they are generally not recommended for long-term storage due to deterioration
effects and the subsequent risk of contamination.
Corrosion rates for several construction materials:
<0.508 mm/year
<0.051 mm/year
Some attack
Satisfactory
Resistant

Cast iron, monel, lead, nickel
High silicon iron
Polyethylene
Neoprene, phenolic resins, polyesters, natural rubber, butyl rubber
Polyvinyl chloride, unplasticized

8. Exposure Controls, Personal Protection
Engineering Controls: In confined areas, local and general ventilation should be provided to
maintain airborne concentrations beloew permissable exposure limits. Ventilation systems must
be designed according to approved engineering standards.
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Respiratory Protection: NIOSH approved supplied air respirator when airborne concentrations
exceed exposure limits.
Skin protection: Butyl and nitrile rubbers are recommended for gloves. Check with
manufacturer. Wear chemical resistant pants and jackets, preferably of butyl or nitrile rubber.
Check with manufacturer.
Eye and Face Protection: Face shield and chemical splash goggles when transferring is taking
place.
Footwear: Chemical resistant, and as specified by the workplace.
Other: Eyewash and showers should be located near work areas. NOTE: PPE must not be
considered a long-term solution to exposure control. PPE usage must be accompanied by
employer programs to properly select, maintain, clean, fit and use. Consult a competent industrial
hygiene resource to determine hazard potential and/or the PPE manufacturers to ensure
aadequate protection.

9. Physical and Chemical Properties
Boiling Point: 64.7 oC @ 101.3 kPa
Critical Temperature: 239.4 oC
Relative Density: 0.791
Evaporation Rate: 4.1 (n-butyl acetate =1)

Appearance: Liquid, clear, colourless
Odour: Mild characteristic alcohol odour
Odour Threshold: detection: 4.2 - 5960 ppm
(geometric mean) 160 ppm
recognition: 53 – 8940 ppm
(geometric mean) 690 ppm

Partition Coefficient: Log P (oct) = -0.82
Solubility in other Liquids: Soluble in all
proportions in other alcohols, esters,
ketones, ethers and most other organic
solvents

pH: Not applicable
Vapour Pressure: 12.8 kPa @ 20oC
Solubility: Completely soluble
Vapour Density: 1.105 @ 15 oC
Freezing Point: -97.8 oC

10.

Stability and Reactivity

Chemical Stability:

Yes

Incompatibility:

Yes. Avoid contact with strong oxidizers, strong mineral or organic acids,
and strong bases. Contact with these materials may cause a violent or
explosive reaction. May be corrosive to lead, aluminum, magnesium, and
platinum.

Conditions of Reactivity: Presence of incompatible materials and ignition sources.
Hazardous Decomposition Products: Formaldehyde, carbon dioxide, and carbon monoxide.
Hazardous Polymerization: Will not occur.
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11.
LD50:
LC50:
Acute Exposure:
Chronic Exposure:
Exposure Limits:
Irritancy:
Sensitization:
Carcinogenicity:
Teratogenicity:
Reproductive toxicity:
Mutagenicity:
Synergistic products:

Toxicological Information
5628 mg/kg (oral/rat), 20 ml/kg (dermal/rabbit)
64000 ppm (rat)
See Section 3
See Section 3.
See Section 2.
See Section 3.
No
Not listed by IARC, NTP, ACGIH, or OSHA as a carcinogen.
No
Reported to cause birth defects in rats exposed to 20,000 ppm
Insufficient data
None Known

12.

Ecological Information

Environmental toxicity: Methanol in fresh or salt water may have serious effects on aquatic life.
A study on methanol’s toxic effects on sewage sludge bacteria reported little effect on digestion at
0.1% while 0.5% methanol retarded digestion. Methanol will be broken down into carbon dioxide
and water.
Biodegradability: Biodegrades easily in water.

13.

Disposal Considerations

Review federal, provincial or state, and local government requirements prior to disposal. Store
material for disposal as indicated in Section #7, Handling and Storage. Disposal by controlled
incineration or by secure land fill may be acceptable.

14.

Transport Information

Transport of Dangerous Goods (TDG and CLR):

Methanol, Class 3(6.1),
UN1230, P.G. II
Limited Quantity: ≤ 1 litres

United States Department of Transport (49CFR):
(Domestic Only)

Methanol, Class 3, UN 1230, P.G. II,
(RQ 5000 lbs/2270 kg)
Limited Quantity: ≤ 1 litres

International Air Transport Association (IATA):

Methanol, Class 3(6.1), UN1230, P.G. II
Packaging Instruction: 305,
1 litre maximum per package,

International Maritime Organization (IMO):

Methanol, Class 3(6.1), UN1230, P.G. II,
Flash Point = 12 oC
EmS No. F-E, S-D
Stowage Category “B”, Clear of living
quarters
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15.

Regulatory Information

CANADIAN FEDERAL REGULATIONS:
CEPA, DOMESTIC SUBSTANCES LIST: Listed
WHMIS CLASSIFICATION:

B2, D1A

UNITED STATES REGULATIONS:
29CFR 1910.1200 (OSHA):

Hazardous

40CFR 116-117 (EPA):

Hazardous

40CFR 355, Appendices A and B:

Subject to Emergency Planning and Notification

40CFR 372 (SARA Title III):

Listed

40CFR 302 (CERCLA):

Listed

16. Other Information
Preparation Date: October 13, 2005
Prepared by: Kel-Ex Agencies Ltd., P.O. Box 52201, Lynnmour RPO, North Vancouver, B.C., V7J 3V5
Disclaimer: The information above is believed to be accurate and represents the best
information currently available to us. Users should make their own investigations to determine
the suitability of the information for their particular purposes. This document is intended as a
guide to the appropriate precautionary handling of the material by a properly trained person using
this product.
Methanex Corporation and its subsidiaries make no representations or warranties, either express
or implied, including without limitation any warranties of merchantability, fitness for a particular
purpose with respect to the information set forth herein or the product to which the information
refers. Accordingly, Methanex Corp. will not be responsible for damages resulting from use of or
reliance upon this information.
Revisions: None
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Product: Nitrogen

Form No.: P-4631-E

Date: October 1997

Praxair™ Material Safety Data Sheet

1. Chemical Product and Company Identification
Product Name:

Nitrogen, Compressed
(MSDS No. P-4631-E)

Trade Name:

Nitrogen

Chemical Name:

Nitrogen

Synonyms:

Not applicable

Formula:

N2

Chemical
Family:

Considered as an inert gas.

Telephone:

Emergencies:
CHEMTREC
Routine:

1-800-645-4633*
1-800-424-9300*
1-800-PRAXAIR

Company Name: Praxair, Inc.
39 Old Ridgebury Road
Danbury CT 06810-5113

*Call emergency numbers 24 hours a day only for spills, leaks, fire, exposure, or accidents involving
this product. For routine information contact your supplier, Praxair sales representative, or call
1-800-PRAXAIR (1-800-772-9247).

2. Composition / Information on Ingredients
For custom mixtures of this product request a Material Safety Data Sheet for each component. See
Section 16 for important information about mixtures.
INGREDIENT NAME CAS NUMBER

PERCENTAGE OSHA PEL

Nitrogen

>99%

7727-37-9

ACGIH TLV-TWA

None currently Simple asphyxiant
established

*The symbol ">" means "greater than."

3. Hazards Identification
EMERGENCY OVERVIEW
CAUTION! High-pressure gas.
Can cause rapid suffocation.
May cause dizziness and drowsiness.
Self-contained breathing apparatus may
be required by rescue workers.
Odor: None
THRESHOLD LIMIT VALUE: Simple asphyxiant (ACGIH 1997)

Copyright 1980, 1983, 1985, 1992, 1997 Praxair Technology, Inc.
All rights reserved.
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EFFECTS OF A SINGLE (ACUTE) OVEREXPOSURE:
INHALATION–Asphyxiant. Effects are due to lack of oxygen. Moderate concentrations may cause
headache, drowsiness, dizziness, excitation, excess salivation, vomiting, and unconsciousness. Lack of
oxygen can kill.
SKIN CONTACT–No harm expected.
SWALLOWING–This product is a gas at normal temperature and pressure.
EYE CONTACT–No harm expected.
EFFECTS OF REPEATED (CHRONIC) OVEREXPOSURE: No harm expected.
OTHER EFFECTS OF OVEREXPOSURE: Nitrogen is an asphyxiant. Lack of oxygen can kill.
MEDICAL CONDITIONS AGGRAVATED BY OVEREXPOSURE: The toxicology and the physical
and chemical properties of nitrogen suggest that overexposure is unlikely to aggravate existing medical
conditions.
SIGNIFICANT LABORATORY DATA WITH POSSIBLE RELEVANCE TO HUMAN HEALTH
HAZARD EVALUATION: None known.
CARCINOGENICITY: Nitrogen is not listed by NTP, OSHA, or IARC.

4. First Aid Measures
INHALATION: Remove to fresh air. If not breathing, give artificial respiration. If breathing is difficult,
qualified personnel may give oxygen. Call a physician.
SKIN CONTACT: Flush with water.
SWALLOWING: This product is a gas at normal temperature and pressure.
EYE CONTACT: Flush eyes with warm water. Hold the eyelids open and away from the eyeballs to
ensure that all surfaces are flushed thoroughly.
NOTES TO PHYSICIAN: There is no specific antidote. This product is nearly inert. Treatment of overexposure should be directed at the control of symptoms and the clinical condition. Refer to section 16.

5. Fire Fighting Measures
FLASH POINT
(test method)

Not applicable

AUTOIGNITION
TEMPERATURE

Not applicable

FLAMMABLE LIMITS
IN AIR, % by volume

LOWER

Not applicable

UPPER

Not applicable

EXTINGUISHING MEDIA: Nitrogen cannot catch fire. Use media appropriate for surrounding fire.
SPECIAL FIRE FIGHTING PROCEDURES:
CAUTION! High-pressure gas. Evacuate all personnel from danger area. Immediately deluge cylinders
with water from maximum distance until cool, then move them away from fire area if without risk.
Self-contained breathing apparatus may be required by rescue workers. On-site fire brigades must comply
with OSHA 29 CFR 1910.156.
UNUSUAL FIRE AND EXPLOSION HAZARDS: Nitrogen cannot catch fire. Heat of fire can build
pressure in cylinder and cause it to rupture. No part of cylinder should be subjected to a temperature
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higher than 125°F (52°C). Nitrogen cylinders are equipped with a pressure relief device. (Exceptions may
exist where authorized by DOT.)
HAZARDOUS COMBUSTION PRODUCTS: None known.

6. Accidental Release Measures
STEPS TO BE TAKEN IF MATERIAL IS RELEASED OR SPILLED:
CAUTION! High-pressure gas. Immediately evacuate all personnel from danger area. Nitrogen is an
asphyxiant. Lack of oxygen can kill. Use self-contained breathing apparatus where needed. Shut off flow if
you can do so without risk. Ventilate area or move cylinder to a well-ventilated area. Test for sufficient
oxygen, especially in confined spaces, before allowing reentry.
WASTE DISPOSAL METHOD: Prevent waste from contaminating the surrounding environment. Keep
personnel away. Discard any product, residue, disposable container or liner in an environmentally
acceptable manner, in full compliance with federal, state, and local regulations. If necessary, call your local
supplier for assistance.

7. Handling and Storage
PRECAUTIONS TO BE TAKEN IN STORAGE: Store and use with adequate ventilation. Firmly
secure cylinders upright to keep them from falling or being knocked over. Screw valve protection cap firmly
in place by hand. Store only where temperature will not exceed 125°F (52°C). Store full and empty
cylinders separately. Use a first-in, first-out inventory system to prevent storing full cylinders for long
periods.
PRECAUTIONS TO BE TAKEN IN HANDLING: Protect cylinders from damage. Use a suitable hand
truck to move cylinders; do not drag, roll, slide, or drop. Never attempt to lift a cylinder by its cap; the cap
is intended solely to protect the valve. Never insert an object (e.g., wrench, screwdriver, pry bar) into cap
openings; doing so may damage the valve and cause a leak. Use an adjustable strap wrench to remove
over-tight or rusted caps. Open valve slowly. If valve is hard to open, discontinue use and contact your
supplier. For other precautions in using nitrogen, see section 16.
For additional information on storage and handling, refer to Compressed Gas Association (CGA) pamphlet
P-1, "Safe Handling of Compressed Gases in Containers," available from the CGA. Refer to section 16 for
the address and phone number along with a list of other available publications.

8. Exposure Controls/Personal Protection
VENTILATION/ENGINEERING CONTROLS:
LOCAL EXHAUST–Use a local exhaust system, if necessary, to prevent oxygen deficiency.
MECHANICAL (general)–General exhaust ventilation may be acceptable if it can maintain an
adequate supply of air.
SPECIAL–None
OTHER–None
RESPIRATORY PROTECTION: None required under normal use. However, air supplied respirators
are required while working in confined spaces with this product. Respiratory protection must conform to
OSHA rules as specified in 29 CFR 1910.134.
SKIN PROTECTION: Wear work gloves when handling cylinders.
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EYE PROTECTION: Wear safety glasses when handling cylinders.
OTHER PROTECTIVE EQUIPMENT: Metatarsal shoes for cylinder handling. Select in accordance
with OSHA 29 CFR 1910.132 and 1910.133. Regardless of protective equipment, never touch live
electrical parts.

9. Physical and Chemical Properties
MOLECULAR WEIGHT: 28.01

EXPANSION RATIO: Not applicable

SPECIFIC GRAVITY (air=1): At 70°F
(21.1°C) and 1 atm: 0.967

SOLUBILITY IN WATER: % by wt:, vol/vol at
32°F (0°C): 0.023

GAS DENSITY: At 70°F (21.1°C) and 1 atm:
0.072 lbs/ft3 (1.153 kg/m3)

VAPOR PRESSURE: AT 68°F (20°C): Not
applicable

PERCENT VOLATILES BY VOLUME: 100

EVAPORATION RATE (Butyl Acetate=1):
Gas, not applicable

BOILING POINT (1 atm): -320.4°F (-195.8°C) pH: Not applicable
MELTING POINT (1 atm): -345.8°F (-209.9°C)
APPEARANCE, ODOR, AND STATE: Colorless, odorless, tasteless gas at normal temperature and pressure.

10. Stability and Reactivity
STABILITY:

Unstable

Stable

X

INCOMPATIBILITY (materials to avoid): None currently known. Nitrogen is chemically inert.
HAZARDOUS DECOMPOSITION PRODUCTS: None
HAZARDOUS POLYMERIZATION:

May Occur

Will Not Occur

X

CONDITIONS TO AVOID: Under certain conditions, nitrogen can react violently with lithium,
neodymium, titanium, and magnesium to form nitrides. At high temperature it can also combine with
oxygen and hydrogen.

11. Toxicological Information
Nitrogen is a simple asphyxiant.

12. Ecological Information
No adverse ecological effects expected. Nitrogen does not contain any Class I or Class II ozone-depleting
chemicals. Nitrogen is not listed as a marine pollutant by DOT.

13. Disposal Considerations
WASTE DISPOSAL METHOD: Do not attempt to dispose of residual or unused quantities. Return
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cylinder to supplier. For emergency disposal, secure cylinder in a well-ventilated area or outdoors, then
slowly discharge gas to the atmosphere.

14. Transport Information
DOT/IMO SHIPPING NAME: Nitrogen,
compressed

HAZARD CLASS: 2.2

IDENTIFICATION NUMBER: UN 1066

PRODUCT RQ: Not applicable

SHIPPING LABEL(s): NONFLAMMABLE PLACARD (When required): NONFLAMMABLE
GAS
GAS
SPECIAL SHIPPING INFORMATION: Cylinders should be transported in a secure position, in a
well-ventilated vehicle. Cylinders transported in an enclosed, nonventilated compartment of a vehicle can
present serious safety hazards.
Shipment of compressed gas cylinders that have been filled without the owner's consent is a violation of
federal law [49 CFR 173.301(b)].

15. Regulatory Information
The following selected regulatory requirements may apply to this product. Not all such requirements are
identified. Users of this product are solely responsible for compliance with all applicable federal, state, and
local regulations.
U.S. FEDERAL REGULATIONS:
EPA (Environmental Protection Agency)
CERCLA: Comprehensive Environmental Response, Compensation, and Liability Act of
1980 (40 CFR Parts 117 and 302):
Reportable Quantity (RQ): None
SARA: Superfund Amendment and Reauthorization Act:
SECTIONS 302/304: Require emergency planning based on Threshold Planning Quantity
(TPQ) and release reporting based on Reportable Quantities (RQ) of extremely hazardous
substances (40 CFR Part 355):
Threshold Planning Quantity (TPQ): None.
Extremely Hazardous Substances (40 CFR 355): None.
SECTIONS 311/312: Require submission of Material Safety Data Sheets (MSDSs) and
chemical inventory reporting with identification of EPA hazard categories. The hazard
categories for this products are as follows:
IMMEDIATE: No
DELAYED: No

PRESSURE: Yes
REACTIVITY: No
FIRE: No
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SECTION 313: Requires submission of annual reports of release of toxic chemicals that
appear in 40 CFR Part 372.
Nitrogen does not require reporting under Section 313.
40 CFR 68: Risk Management Program for Chemical Accidental Release Prevention:
Requires development and implementation of risk management programs at facilities that
manufacture, use, store, or otherwise handle regulated substances in quantities that exceed
specified thresholds.
Nitrogen is not listed as a regulated substance.
TSCA: Toxic Substances Control Act: Nitrogen is listed on the TSCA inventory.
OSHA (OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION):
29 CFR 1910.119 : Process Safety Management of Highly Hazardous Chemicals: Requires
facilities to develop a process safety management program based on Threshold Quantities (TQ)
of highly hazardous chemicals.
Nitrogen is not listed in Appendix A as a highly hazardous chemical.
STATE REGULATIONS:
CALIFORNIA: This product is not listed by California under the Safe Drinking Water Toxic
Enforcement Act of 1986 (Proposition 65).
PENNSYLVANIA: This product is subject to the Pennsylvania Worker and Community
Right-To-Know Act (35 P.S. Sections 7301-7320).

16. Other Information
Be sure to read and understand all labels and instructions supplied with all containers of this product.
OTHER HAZARDOUS CONDITIONS OF HANDLING, STORAGE, AND USE: High-pressure
gas. Use piping and equipment adequately designed to withstand pressures to be encountered. Never work
on a pressurized system. Gas can cause rapid suffocation due to oxygen deficiency. Store and use with
adequate ventilation. Close valve after each use; keep closed even when empty. Prevent reverse flow.
Reverse flow into cylinder may cause rupture. Use a check valve or other protective device in any line or
piping from the cylinder. Never work on a pressurized system. If there is a leak, close the cylinder valve.
Blow the system down in a safe and environmentally sound manner in compliance with all federal, state and
local laws; then repair the leak. Never ground a compressed gas cylinder or allow it to become part of an
electrical circuit.
MIXTURES: When you mix two or more gases or liquefied gases, you can create additional, unexpected
hazards. Obtain and evaluate the safety information for each component before you produce the mixture.
Consult an industrial hygienist, or other trained person when you evaluate the end product.
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HAZARD RATING SYSTEMS:
NFPA RATINGS:

HMIS RATINGS:

HEALTH

=0

HEALTH

=0

FLAMMABILITY

=0

FLAMMABILITY = 0

REACTIVITY

=0

REACTIVITY

SPECIAL

SA (CGA recommends this rating to designate Simple Asphyxiant.)

=0

STANDARD VALVE CONNECTIONS FOR U.S. AND CANADA:
THREADED:

0-3000 psig
3001-5500 psig
5001-7500 psig

CGA-580
CGA-680
CGA-677

PIN-INDEXED YOKE:

0-3000 psig

CGA-960 (Medical Use)

ULTRA-HIGH-INTEGRITY
CONNECTION:

0-3000 psig

CGA-718

Use the proper CGA connections. DO NOT USE ADAPTERS.
Ask your supplier about free Praxair safety literature as referenced on the label for this product; you may
also obtain copies by calling 1-800-PRAXAIR. Further information about nitrogen can be found in the
following pamphlets published by the Compressed Gas Association, Inc. (CGA), 1725 Jefferson Davis
Highway, Arlington, VA 22202-4102, Telephone (703) 412-0900.
G-10.1
P-1
P-9
P-14
SB-2
AV-1
V-1

Commodity Specification for Nitrogen
Safe Handling of Compressed Gases in Containers
Inert Gases— Argon, Nitrogen, and Helium
Accident Prevention in Oxygen-Rich, Oxygen-Deficient Atmospheres
Oxygen-Deficient Atmospheres
Safe Handling and Storage of Compressed Gases
Compressed Gas Cylinder Valve Inlet and Outlet Connections
Handbook of Compressed Gases, Third Edition

Praxair asks users of this product to study this Material Safety Data Sheet (MSDS) and become aware of
product hazards and safety information. To promote safe use of this product, a user should (1) notify
employees, agents and contractors of the information on this MSDS and of any other known product
hazards and safety information, (2) furnish this information to each purchaser of the product, and (3) ask
each purchaser to notify its employees and customers of the product hazards and safety information.
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The opinions expressed herein are those of qualified experts within Praxair, Inc.
We believe that the information contained herein is current as of the date of this
Material Safety Data Sheet. Since the use of this information and the conditions of
use of the product are not within the control of Praxair, Inc., it is the user's
obligation to determine the conditions of safe use of the product.

Praxair MSDSs are furnished on sale or delivery by Praxair or the independent distributors and
suppliers who package and sell our products. To obtain current Praxair MSDSs for these products,
contact your Praxair sales representative or local distributor or supplier. If you have questions regarding
Praxair MSDSs, would like the form number and date of the latest MSDS, or would like the names of
the Praxair suppliers in your area, phone or write the Praxair Call Center (Phone: 1-800-PRAXAIR;
Address: Praxair Call Center, Praxair, Inc., PO Box 44, Tonawanda, NY 14150-7891).

Praxair is a trademark of Praxair Technology, Inc.
Praxair, Inc.
39 Old Ridgebury Road
Danbury CT 06810-5113

Printed in USA
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Material Safety Data Sheet
Toluene
Section 1 -

MSDS Number: M1003
Effective Date: 9/07/2004

Chemical Product and Company Identification

MSDS Name: Toluene
Synonyms: Methacide; Methylbenzene; Methylbenzol; Phenylmethane; Toluol
Company Identification:
VEE GEE Scientific, Inc.
13600 NE 126th Pl Ste A
Kirkland, WA 98034
For information in North America, call: 425-823-4518

Section 2 CAS#
108-88-3

Composition, Information on Ingredients
Chemical Name
Toluene

Percent
>99

EINECS/ELINCS
203-625-9

Hazard Symbols: XN F
Risk Phrases: 11 20

Section 3 -

Hazards Identification

Emergency Overview
Appearance: Colorless. Flash Point: 40°F. Warning! Flammable liquid and vapor. May cause central nervous system depression. May cause liver and
kidney damage. This substance has caused adverse reproductive and fetal effects in animals. Causes digestive and respiratory tract irritation. May
cause skin irritation. Aspiration hazard if swallowed. Can enter lungs and cause damage. Danger! Harmful or fatal if swallowed. Causes eye irritation
and possible transient injury. Poison! May be absorbed through intact skin. Vapor harmful. Call physician immmediately.
Target Organs: Kidneys, central nervous system, liver.
Potential Health Effects
Eye Contact: Causes eye irritation. May result in corneal injury. Vapors may cause eye irritation.
Skin Contact: Causes moderate skin irritation. May cause cyanosis of the extremities.
Ingestion: Aspiration hazard. May cause irritation of the digestive tract. May cause effects similar to those for inhalation exposure. Aspiration of
material into the lungs may cause chemical pneumonitis, which may be fatal.
Inhalation: Inhalation of high concentrations may cause central nervous system effects characterized by nausea, headache, dizziness, unconsciousness and coma. Inhalation of vapor may cause respiratory tract irritation. May cause liver and kidney damage. Vapors may cause dizziness or
suffocation. Overexposure may cause dizziness, tremors, restlessness, rapid heart beat, increased blood pressure, hallucinations, acidosis, kidney
failure.
Chronic Exposure: Prolonged or repeated skin contact may cause dermatitis. May cause cardiac sensitization and severe heart abnormalities. May
cause liver and kidney damage.

Section 4 -

First Aid Measures

Eye Contact: Flush eyes with plenty of water for at least 15 minutes, occasionally lifting the upper and lower eyelids. Get medical aid immediately.
Skin Contact: Flush skin with plenty of soap and water for at least 15 minutes while removing contaminated clothing and shoes. Get medical aid if
irritation develops or persists.
Ingestion: Do NOT induce vomiting. If victim is conscious and alert, give 2-4 cupfuls of milk or water. Never give anything by mouth to an unconscious
person. Possible aspiration hazard. Get medical aid immediately.
Inhalation: Get medical aid immediately. Remove from exposure to fresh air immediately. If not breathing, give artificial respiration. If breathing is
difficult, give oxygen.
Notes to Physician: Causes cardiac sensitization to endogenous catelcholamines which may lead to cardiac arrhythmias. Do NOT use adrenergic
agents such as epinephrine or pseudoepinephrine.

Section 5 -

Fire Fighting Measures

General Information: Containers can build up pressure if exposed to heat and/or fire. As in any fire, wear a self-contained breathing apparatus in
pressure-demand, MSHA/NIOSH (approved or equivalent), and full protective gear. Water runoff can cause environmental damage. Dike and collect
water used to fight fire. Vapors may form an explosive mixture with air. Vapors can travel to a source of ignition and flash back. Flammable Liquid. Can
release vapors that form explosive mixtures at temperatures above the flashpoint. Use water spray to keep fire-exposed containers cool. Water may be
ineffective. Material is lighter than water and a fire may be spread by the use of water. Vapors may be heavier than air. They can spread along the
ground and collect in low or confined areas. Containers may explode when heated.
Fire Extinguishing Media: Use water spray to cool fire-exposed containers. Water may be ineffective. Do NOT use straight streams of water. For
small fires, use dry chemical, carbon dioxide, water spray or regular foam. Cool containers with flooding quantities of water until well after fire is out. For
large fires, use water spray, fog or regular foam.
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Fire Fighting Measures

Section 5 -

Autoignition Temperature: 422°C (792°F)
Flash Point: 7°C (45°F)
Explosion Limits, lower: 1.2 vol%.
Explosion Limits, upper: 7.1 vol%
NFPA Rating: (estimated) Health: 2; Flammability: 3; Instability: 0

Accidental Release Measures

Section 6 -

General Information: Use proper personal protective equipment as indicated in Section 8.
Spills/Leaks: Avoid runoff into storm sewers and ditches which lead to waterways. Remove all sources of ignition. Absorb spill using an absorbent,
non-combustible material such as earth, sand, or vermiculite. Do not use combustible materials such as saw dust. A vapor suppressing foam may be
used to reduce vapors. Water spray may reduce vapor but may not prevent ignition in closed spaces.

Handling and Storage

Section 7 -

Handling: Wash thoroughly after handling. Use with adequate ventilation. Ground and bond containers when transferring material. Avoid contact with
eyes, skin, and clothing. Empty containers retain product residue, (liquid and/or vapor), and can be dangerous. Keep container tightly closed. Avoid
contact with heat, sparks and flame. Avoid ingestion and inhalation. Do not pressurize, cut, weld, braze, solder, drill, grind, or expose empty containers
to heat, sparks or open flames.
Storage: Keep away from heat, sparks, and flame. Keep away from sources of ignition. Store in a tightly closed container. Store in a cool, dry, wellventilated area away from incompatible substances.

Exposure Controls, Personal Protection

Section 8 Chemical Name
Toluene

ACGIH
50 ppm TWA

NIOSH
100 ppm TWA
375 mg/m3 TWA
500 ppm IDLH

OSHA - Final PELs
200 ppm TWA
C 300 ppm

OSHA - Vacated Pels
100 ppm TWA
375 mg/m3 TWA
150 ppm STEL
560 mg/m3 STEL

Engineering Controls: Facilities storing or utilizing this material should be equipped with an eyewash facility and a safety shower. Use adequate
general or local exhaust ventilation to keep airborne concentrations below the permissible exposure limits.
Personal Protective Equipment
Eyes: Wear appropriate protective eyeglasses or chemical safety goggles as described by OSHA's eye and face protection regulations in 29 CFR
1910.133 or European Standard EN166.
Skin: Wear appropriate protective gloves to prevent skin exposure.
Clothing: Wear appropriate protective clothing to prevent skin exposure.
Respirators: Follow the OSHA respirator regulations found in 29CFR 1910.134 or European Standard EN 149. Always use a NIOSH or European
Standard EN 149 approved respirator when necessary.

Section 9 -

Physical and Chemical Properties

Physical State: Clear liquid
Appearance: Colorless
Odor: Sweet, pleasant
pH: Not available
Vapor Pressure: 36.7 mm Hg @ 30° C
Vapor Density: 3.1
Evaporation Rate: 2.4
Viscosity: 0.59 cP @ 20° C

Section 10 -

Boiling Point: 232° F
Freezing/Melting Point: -139° F
Decomposition Temperature: Not available
Solubility: Insoluble
Specific Gravity/Density: 0.9
Molecular Formula: C6H5CH3
Molecular Weight: 92.056

Stability and Reactivity

Chemical Stability: Stable under normal temperatures and pressures.
Conditions to Avoid: Incompatible materials, ignition sources, excess heat.
Incompatibilities with Other Materials: Ntrogen tetroxide, nitric acid plus sulfuric acid, silver perchlorate, strong oxidizers, sodium difluoride.
Hazardous Decomposition Products: Carbon monoxide, carbon dioxide.
Hazardous Polymerization: Has not been reported.

Section 11 -

Toxilogical Information

Carcinogenicity:
CAS# 108-88-3:
ACGIH: A4 - Not Classifiable as a Human Carcinogen
IARC: Group 3 carcinogen
M1003
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Toxilogical Information (continued)

Section 11 -

Epidemiology: No information available.
Teratogenicity: Specific developmental abnormalities included craniofacial effects involving the nose and tongue, musculoskeletal effects, urogenital
and metabolic effects in studies on mice and rats by the inhalation and oral routes of exposure. Some evidence of fetotoxicity with reduced fetal weight
and retarded skeletal development has been reported in mice and rats.
Reproductive Effects: Effects on fertility such as abortion were reported in rabbits by inhalation. Paternal effects were noted in rats by inhalation.
These effects involved the testes, sperm duct and epididymis.
Neurotoxicity: No information available.
Mutagenicity: No information available.

Ecological Information

Section 12 -

Ecotoxicity: No data available. Bluegill LC50=17 mg/L/24H Shrimp LC50=4.3 ppm/96H Fathead minnow LC50=36.2 mg/L/96HSunfish (fresh water)
TLm=1180 mg/L/96H
Environmental: From soil, substance evaporates and is microbially biodegraded. In water, substance volatilizes and biodegrades.
Physical: Photochemically produced hydroxyl radicals degrade substance.
Other: None.

Disposal Considerations

Section 13 -

Chemical waste generators must determine whether a discarded chemical is classified as a hazardous waste. US EPA guidelines for the classification
determination are listed in 40 CFR Parts 261.3. Additionally, waste generators must consult state and local hazardous waste regulations to ensure
complete and accurate classification.
RCRA P-Series: None listed.
RCRA U-Series: CAS# 108-88-3: waste number U220.

Transport Information

Section 14 Shipping Name
Hazard Class
UN Number
Packing Group
Other

US DOT
Toluene
3
UN1294
II

Section 15 -

Canada TDG
Toluene
3 (9.2)
UN1294
II
FP 4C

Regulatory Information

US Federal
TSCA: CAS# 108-88-3 is listed on the TSCA inventory.
Health & Safety Reporting List: None of the chemicals are on the Health & Safety Reporting List.
CAS# 108-88-3: Effective Date: October 4, 1982; Sunset Date: October 4 , 1992
Chemical Test Rules: None of the chemicals in this product are under a Chemical Test Rule.
Section 12b: None of the chemicals are listed under TSCA Section 12b.
TSCA Significant New Use Rule: None of the chemicals in this material have a SNUR under TSCA.
SARA:
Section 302 (RQ): CAS# 108-88-3: final RQ = 1000 pounds (454 kg)
Section 302 (TPQ): None of the chemicals in this product have a TPQ.
SARA Codes: CAS # 108-88-3: acute, flammable.
Section 313: This material contains Toluene (CAS# 108-88-3, 99%),which is subject to the reporting requirements of Section 313 of SARA Title III and
40 CFR Part 373.
Clean Air Act: CAS# 108-88-3 is listed as a hazardous air pollutant (HAP). This material does not contain any Class 1 Ozone depletors. This material
does not contain any Class 2 Ozone depletors.
Clean Water Act: CAS# 108-88-3 is listed as a Hazardous Substance under the CWA. CAS# 108-88-3 is listed as a Priority Pollutant under the Clean
Water Act. CAS# 108-88-3 is listed as a Toxic Pollutant under the Clean Water Act.
OSHA: None of the chemicals in this product are considered highly hazardous by OSHA.
STATE: CAS# 108-88-3 can be found on the following state right to know lists: California, New Jersey, Florida, Pennsylvania, Minnesota, Massachusetts.
WARNING: This product contains Toluene, a chemical known to the state of California to cause birth defects or other reproductive harm. California No
Significant Risk Level: CAS# 108-88-3: NOEL = 7000 ug/day

European/International Regulations
European Labeling in Accordance with EC Directives
Hazard Symbols: XN F
Risk Phrases:
R 11 Highly flammable.
R 20 Harmful by inhalation
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Section 15 -

Regulatory Information (continued)

Safety Phrases:
S 16 Keep away from sources of ignition - No smoking.
S 25 Avoid contact with eyes.
S 29 Do not empty into drains.
S 33 Take precautionary measures against static discharges.
WGK (Water Danger/Protection): CAS# 108-88-3: 2
Canada - DSL/NDSL: CAS# 108-88-3 is listed on Canada's DSL List.
Canada - WHMIS: This product has a WHMIS classification of B2, D2B.
Canadian Ingredient Disclosure List: CAS# 108-88-3 is listed on Canada's Ingredient Disclosure List.
Exposure Limits: CAS# 108-88-3: OEL-AUSTRALIA:TWA 100 ppm (375 mg/m3);STEL 150 ppm (560 mg/m3) OEL-BELGIUM:TWA 100 ppm (377 g/
m3);STEL 150 ppm (565 mg/m3) OEL-CZECHOSLOVAKIA:TWA 200 mg/m3;STEL 1000 mg/m3 OEL-DENMARK:TWA 50 ppm (190 mg/m3);Skin
OEL-FINLAND:TWA 100 ppm (375 mg/m3);STEL 150 ppm;Skin OEL-FRANCE:TWA 100 ppm (375 mg/m3);STEL 150 ppm (560 mg/m3) OELGERMANY:TWA 100 ppm (380 mg/m3) OEL-HUNGARY:TWA 100 mg/m3;STEL 300 mg/m3;Skin OEL-JAPAN:TWA 100 ppm (380 mg/m3) OEL-THE
NETHERLANDS:TWA 100 ppm (375 mg/m3);Skin OEL-THE PHILIPPINES:TWA 100 ppm (375 mg/m3) OEL-POLAND:TWA 100 mg/m3 OELUSSIA:TWA 100 ppm;STEL 50 mg/m3 OEL-SWEDEN:TWA 50 ppm (200 mg/m3);STEL 100 ppm (400 mg/m3);Skin OEL-SWITZERLAND:TWA 100
ppm (380 mg/m3);STEL 500 ppm OEL-THAILAND:TWA 200 ppm;STEL 300 ppm OEL-TURKEY:TWA 200 ppm (750 mg/m3) OEL-UNITED KINGDOM
:TWA 100 ppm (375 mg/m3);STEL 150 ppm;Skin OEL IN BULGARIA, COLOMBIA,JORDAN, KOREA check ACGIH TLV OEL IN NEW ZEALAND,
SINGAPORE, VIETNAM check ACGI TLV

Section 16 -

Additional Information

MSDS Creation Date: 09/07/2004

The information above is believed to be accurate and represents the best information currently available to us. However, we make no warranty of
merchantability or any other warranty, express or implied, with respect to such information, and we assume no liability resulting from its use. Users
should make their own investigations to determine the suitability of the information for their particular purposes. In no event shall VEE GEE Scientific
be liable for any claims, losses, or damages of any third party or for lost profits or any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if VEE GEE Scientific has been advised of the possibility of such damages.
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